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• The X-ray Pulsar Population,

• The XMM-Newton EPIC Instruments For Pulsar Measurements, 
• Compilation of XMM-Newton Pulsar Observations,

• A Few of Many, Many Examples of XMM Pulsar Discoveries .       



XMM Timeline and Pulsar Science
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XMM fills a critical gap in time for broad-band pulsar studied 

Takes the torch from ASCA tempo-imaging… 

ASCA was the first broad-band (0.2-12 keV) spectro-imaging mission 

Pulsar timing torch is now passed to NuStar and NICER, 
But joint XMM and Chandra obs. provides a powerful new spectroscopic tool 



XMM Observations of Pulsars

The EPIC is the prime instrument for observing pulsars

Long, uninterrupted observations, large collection area

EPIC pn SmallWindow 5.7 ms resolution (4.3’x4.3’ FoV; 71% LiveTime)

XMM EPIC Pulsar timing advantages

Sub arcmin PSF, low energy response to 0.2-12 keV 

Minimum detectable pulsed fraction ~ f_p(min) ~ sqr(2S/N), 

f_p(min) is increased by background counts N_b, as (1+N_b/N_s)  

EPIC pn Timing 0.03 ms & MOS 1.5 ms (~1D Image; ~100% LiveTime)

N= total counts, S=signal power (FFT, Z^2_n)

Background included all unpulsed detected counts

XMM-Newton’s timing and phase-resolved spectroscopy capabilities is 
well match for studying the characteristics of pulsars…



The X-ray Pulsar Population

• RPPs: 
• XINSs:
• CCOs:
• Magnetars: 
•                    
•                    
• Binaries:              
• MSPs:

Rotation-Powered Pulsars (young/high Edot, Crab/Vela) 
X-ray Isolated Neutron Stars (Magnificent Seven)

Central Compact Object in SNR (3 Anti-magnetars)
Soft Gamma-ray Repeaters (SGRs),  

                    Anomalous X-ray Pulsars (AXPs), 
                    Transient AXPs (TAXPs)

Older pulsars in non-accreting binaries systems,           
Millisecond Pulsars (~<5ms; old, recycled pulsars)

X-ray pulsars represent the population of young NSs, powered by:

In terms of birth rate, these classes of NSs have similar numbers

Hot, residual thermal X-rays, kT ~ 0.5 keV (localized hot spots)
Non-thermal photospheric, Lx ~ Edot^a (generating a PWN)
Magnetic field decay (Ohmic losses) 

XMM-Newton’s leaves a rich legacy of pulsar science, ongoing…
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XMM Exposure Time for Pulsars

XINS XMM (ks)

RX J0420.0-5022 254

RX J0720.4-3125 787

RX J0806.4-4123 237
RX J1308.6+2127 204

RX J1605.3+3249 662

RX J1856.6-3754 2,624

RX J2143.0+0654 171

7 Total: 4,937

Magnetar SNR XMM (ks)
CXOU J010043.1-721134      347

4U 0142+61                           150

SGR 0418+5729                        540

SGR 0501+4516        SNR G160.9+2.6 215
SGR 0526-66    SNR N49 117
1E 1048.1-5937                       GSH 288.3-0.5-28? 394
1E 1547.0-5408 SNR G327.24-0.13 185

CXOU J162244.8-495054 SNR G333.9+0.0 210

SGR 1627-41 CTB 33 395

CXO J164710.2-455216                 Westerlund 1 279
RXS J170849.0-400910                  100
CXOU J171405.7-381031 CTB 37B 192
SGR J1745-29              Galactic Center 3,232
SGR 1806-20             W31 496

XTE J1810-197                        871

SGR J1822-1606                       M17 139

SGR 1833-0832                        77
CXOU J183452.1-084556 W41 229
1E 1841-045                Kes 73 97
AX J1845-0258 170

3XMM J185246.6+003317                525

SGR 1900+14             SNR G42.8+0.6 158

SGR 1935+2154  SNR G57.2+0.8 253
1E 2259+586               CTB 109 306

24 Total: 9,698

CCO Pulsar SNR XMM (ks)
1E 1207.4-5209 PKS 1209-51/52 974
PSR J0821-4300 Puppis A 806
PSR J1852+0040 Kes 79 525

3 Total: 2,305

Method: Corr. ATNF pulsars with XMM Obs.
            Exclude serendipitous match > 5’ 

XINSs, CCOs, Magnetars, RPPs, Binaries,MSPs
Total of ~39 Ms (>3 yrs of XMM obs.)



Pulsar Assoc. XMM (ks)

J0034-0534 2FGL_J0034.4-0534 38

J0218+4232 2FGL_J0218.1+4233 41

J0337+1715 * 19

J0437-4715 Bright MSP (XMM Pulsar) 198

J0514-4002A NGC 1851 23

J0613-0200 2FGL_J0613.8-0200 73

J0614-3329 2FGL_J0614.1-3329 14

J0636+5129 * 18

J0737-3039A Double NS binary (XMM Pulsar) 661

J0751+1807 2FGL_J0751.1+1809 38

J0952-0607 * 71

J1012+5307 * 38

J1017-7156 * 13

J1023+0038 AY_Sex (TMSP) 903

J1125-5825 2FGL_J1125.0-5821 22

J1227-4853 XSS J12270-4859 (TMSP) 152

B1259-63 * 275

J1311-3430 2FGL_J1311.7-3429 208

J1400-1431 3FGL_J1400 40

J1446-4701 2FGL_J1446.8-4701 62

J1513-2550 3FGL_J1513.4-2549 25

B1534+12 Double NS binary 130

J1543-5149 * 9

J1600-3053 2FGL_J1600.7-3053 31

J1614-2230 2FGL_J1614.5-2230 90

J1622-0315 3FGL_J1622.9-0312 22

J1638-4725 * 99

B1639+36B M13 139

J1643-1224 * 24

J1719-1438 * 15

J1723-2837 2MASS_J17232318-2837571 62

Pulsar Assoc. XMM (ks)

J1731-1847 39

J1737-0811 * 16

J1744-3922 * 6

J1748-2021B NGC6440 194

B1744-24A Ter5 80

J1750-3703A NGC6441 195

J1750-3703B NGC6441 195

J1810+1744 3FGL_J1810.5+1743 82

J1824-2452C M 28 98

J1836-2354A M 22 41

J1853+1303 * 31

B1855+09 * 13

J1909-3744 * 51

J1911-1114 * 68

J1946+2052 * 22

J1946-5403 3FGL_J1946.4-5403 20

B1957+20 2FGL_J1959.5+2047 31

J2017-1614 3FGL_J2017.6-1616 25

J2032+4127 MT91_213,Cygnus_OB2 175

J2051-0827 * 48

J2052+1218 3FGL_J2052.7+1217 24

J2115+5448 3FGL_J2114.9+5448 21

J2129-0429 2FGL_J2129.8-0428 80

B2127+11C M 15 97

J2129-5721 * 59

J2214+3000 2FGL_J2214.7+3000 86

J2215+5135 3FGL_J2215.6+5134 54

J2241-5236 2FGL_J2241.7-5236 51

J2302+4442 2FGL_J2302.7+4443 25

J2339-0533 0FGL_J2339.8-0530 181

61 Total: 5,600

Pulsars in 
Non-accreting
Binary Systems

Nearly all are MSPs.

Nearly all radio and/or
Gamma-ray pulsars

Few detected
as X-ray pulsars

MSP Assoc. XMM (ks)

J0030+0451 162

J0218+4232 42

J0437-4715 199

J1024-0719 71

B1821-24A M 28 GC 99

B1937+21  67

B1957+20  32

J2124-3358 137

8 Total: 809

MSPs with X-ray 
Detected Pulsations 



Pulsar Association XMM (ks)

J0007+7303 CTA1 169

J0030+0451 2FGL_J0030.4+0450 162

J0108-1431 * 135

B0114+58 * 10

B0136+57 * 9

B0154+61 * 33

J0205+6449 3C58 264

J0250+5854 * 133

J0357+3205 2FGL_J0357.8+3205 121

B0355+54 PWN 30

B0450-18 * 38

J0519-6932 RX_J0520.5-6932 50

B0531+21 Crab Nebula 1460

J0537-6910 N157B 48

J0538+2817 S147 18

B0540-69 SNR 0540-693 460

B0540+23 * 26

B0611+22 * 44

B0628-28 RX_J0630.8-2834 49

J0631+0646 3FGL_J0631.6+0644 22

J0631+1036 2FGL_J0631.5+1035 25

J0633+0632 2FGL_J0633.7+0633 94

J0633+1746 Geminga 328

J0635+0533 SAX 88

J0645+5158 * 37

B0656+14 Monogram Ring 171

J0711-6830 * 16

J0726-2612 1RXS_J072559.8-261229 109

B0740-28 2FGL_J0742.4-2821 22

Pulsar Association XMM 
(ks)

B0743-53 * 23

B0823+26 * 239

B0826-34 * 56

B0833-45 Vela Nebula 1639

B0834+06 * 72

J0855-4644 RX_J0852.0-4622(?) 56

B0906-49 * 10

B0919+06 *] 42

B0940-55 * 23

J0945-4833 * 22

B0943+10 * 650

B0950+08 * 95

J0954-5430 * 19

J0957-5432 * 20

J1000-5149 * 11

B1001-47 * 19

J1024-0719 2MASS_10243869-07191
90

71

B1046-58 2FGL_J1048.2-5831 32

B1055-52 2FGL_J1057.9-5226 261

J1101-6101 MSH 11-61A 86

J1119-6127 SNR G292.2-0.5 297

J1124-5916 SNR G292.0+1.8 118

B1133+16 * 147

J1154-6250 * 62

B1221-63 * 7

B1338-62 SNR G308.8-0.1 70

J1357-6429 PWN 100

J1412+7922 Calvera 59

J1418-6058 HESS_ 161

Pulsar Association XMM 
(ks)

J1420-6048 HESS_J 166

J1437-5959 SNR G315.9-0.0 135

B1449-64 * 7

J1455-59 * 7

J1459-6053 2FGL_J1459.4-6054 106

J1509-5850 2FGL_J1509.6-5850 131

B1509-58 Cir SNR G320.4-1.2 82

B0833-45

J1549-4848 * 96

J1613-5211 * 52

J1614-5144 * 74

J1617-5055 * 282

J1624-4041 3FGL_J1624.2-4041 32

B1634-45 * 12

J1640-4631 SNR G338.3-0.0 24

B1643-43 SNR G341.2+0.9(?) 28

J1651-4519 * 43

J1705-1903 * 8

B1702-19 * 8

J1705-4108 * 8

B1703-40 * 18

B1706-44 SNR G343.1-2.3(?) 87

J1713-3949 * 329

J1718-3825 2FGL_J1718.3-3827_HE
SS_J

25

B1719-37 * 8

J1725-0732 * 19

J1730-2304 * 32

B1727-33 * 15

B1727-47 RCW_114 38

Rotation Powered Pulsars (not in globular clusters)



Pulsar Association XMM (ks)

J1734-3333 * 205

J1740+1000 * 731

B1737-30 * 9

J1741-2054 2FGL_J1741.9-2054 71

J1744-7619 3FGL_J1744.1-7619 26

B1742-30 * 9

J1747-2809 SNR G0.9+0.1 53

J1747-2958 PWN G359.23-0.82 43

J1755-0903 * 9

B1754-24 * 16

B1757-24 SNR G5.4-1.2 9

J1808-2701 * 22

J1809-2332 2FGL_J1809.8-2332 217

J1811-1925 SNR G11.2-0.3 29

J1813-1246 2FGL_J1813.4-1246 109

J1813-1749 SNR 12.8-0.0 158

J1814-1744 * 7

B1818-04 * 34

B1822-09 * 228

J1826-1256 2FGL_J1826.1-1256 141

B1823-13 PWN G18.0-0.7 58

J1833-1034 SNR G21.5-0.9 78

J1838-0537 3FGL_J1838.9-0537 45

J1838-0655 HESS J1837-069 63

J1844-0256 * 171

J1846-0258 Kes 75 SNR 54

J1847-0130 * 19

B1845-19 * 66

J1849-0001 IGR_18490- 66

Pulsar Association XMM (ks)

B1853+01 W44 SNR 461

J1856+0245 HESS J1857+026 56

J1901+0254 * 17

B1916+14 * 33

B1919+21 * 20

J1926-1314 * 79

J1930+1852 SNR G54.1+0.3 164

B1929+10 * 258

B1937+21 * 67

B1944+17 * 27

B1951+32 CTB 80 SNR 55

J1957+5033 2FGL_J1957.9+5033 1

J2021+3651 AGL_J2020.5+3653 206

J2021+4026 SNR G78.2+ 277

J2022+3842 SNR G76.9+1 119

J2043+2740 2FGL_J2043.7+2743 17

J2055+2539 2FGL_J2055.8+2539 179

J2124-3358 2FGL_J2124.6-3357 137

J2144-3933 * 42

B2224+65 Guitar Nebula 76

J2229+6114 SNR G106.6+2.9 37

B2334+61 SNR G114.3+0.3 48

139 Total: 15,632



XMM Observations of
Isolated Neutron Stars



• Spectral absorption features (~0.2-0.8 keV) for 6 XINSs,
• Pulse phase dependence of these features (e.g., Haberl et al. 2003),
• They can vary over long-term (e.g., van Kerwijk et al. 2004)
• Interpreted as cyclotron lines implies high magnetic fields (B ~1013 G),
• This field strength is consistent with those inferred from spin-down down.

X-ray Isolated Neutron Stars (The Magnificent Seven)

XINS XMM (ks)

RX J0420.0-5022 254

RX J0720.4-3125 787

RX J0806.4-4123 237
RX J1308.6+2127 204

RX J1605.3+3249 (no PSR) 662

RX J1856.6-3754  2,624

RX J2143.0+0654 171

7 Total: 4,937

• All 7 ROSAT XINSs well-observed by XMM (5 Ms), 
• XMM discovered 5 as pulsars, P~3 -17 s, fp ~ 4 -18%,

• Spin-down 𝝉 ~1-2 Myr, B ~ 1013 G, Ė ~ 5x1030 erg/s.

XINSs (XDINSs) are nearby isolated, cooling NS (kT ~ 40 -110 eV; Fx/Foptical > 104)

XMM 20th Highlights: The XINSs

Could XDINSs be evolved magnetars, born from similar populations of massive stars?

XMM Results 

Big Picture



RX J1856.5–3754 brightest XINSs, d=117 pc, but the weakest signal (~ 1.2%), 
Monitored extensively with XMM, almost twice a year from 2002, totaling 2.6 Ms.

Purely thermal spectrum with kT∞ = 38.9 eV and kT∞ = 62.4 eV, 
Inferred timing properties, 𝝉 = 3.7 Myr, B = 1.5x1013 G, Ė = 3.3x1030 erg/s,

Search for variations of its spectral parameters, none found.

Apply NS atmosphere models for the surface emission to constrain EoS (M-R rel.), 
Suggests close alignment b/w the observational geometry and magnetic axis, 
Considering evidence for vacuum birefringence,
Stellar origin, evidence for Upper Scorpius OB association as parental stellar cluster.

Ongoing XMM and Optical Studies

XMM-Newton Discovery of 7s Pulsations in the Isolated 
Neutron Star RX J1856.5-3754

(Tiengo & Mereghetti 2007)

XMM 20th Highlights: The XINSs



XMM Observations of
Rotation-powered Pulsars



L(2-10 keV) vs. ĖPSR  from Possenti et al. 2002

L(2-10 keV) ∼ 1035 erg s-1

ĖPSR ∼ 1037 erg s-1

XMM 20th Highlights: The “Classic” Pulsars



Discovery of a Highly Energetic X-ray Pulsar Powering 
HESS J1813−178 in the Young SNR G12.82−0.02 

(Gotthelf & Halpern 2009)

PSR J1813-1749 (P = 44 ms) is the 2nd most energetic pulsar in the Galaxy,
Spin-down luminosity Ė = 5.6x1037 erg/s, age 𝝉 = 5.6 kyr, B = 2.4x1012 G,

Nearby young stellar cluster (YSC) is possible the birthplace of the pulsar progenitor, 
Provides a reservoir of seed photons for inverse Compton scattering to TeV energies.
If associated with the YSC young stellar cluster (d=4.7 kpc), the spin-down conversion 
eff. Lx/Edot= ≈0.07% for the >200 GeV, enough to power HESS J1813−178
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Figure 1. Discovery of PSR J1813−1749 using XMM-Newton EPIC pn data
of 2009 March 27. Contours of the signal power, realized by a Z2

1 search over
frequency and frequency derivative (f, ḟ ), corresponding to the 68%, 90%, and
95% confidence levels for two interesting parameters.

Helfand et al. 2007). A 225-bin fast Fourier transform (FFT)
search algorithm was used and a highly significant signal was
detected at P = 44.7 ms. We performed a refined Z2

1 (Rayleigh)
search (Buccheri et al. 1983) centered on the FFT signal and
localized the pulsed emission with peak power Z2

1 = 476. This
corresponds to essentially zero false detection probability for the
number of independent search trials. The pulse profile is slightly
narrower than a sinusoid and shows no energy dependence in
subdivided bands within the 2–10 keV range.

Given the long time span of the data, we also looked for the
effect of a period derivative ḟ on the pulsar signal by construct-
ing a Z2

1 search over (f, ḟ ) space. Figure 1 shows the resulting
contours for the signal power at the 68%, 90%, and 95% confi-
dence level for two interesting parameters. The formal result is
f = 22.371716(2) Hz and ḟ = −(7.7 ± 3.1) × 10−11 Hz s−1;
the uncertainties are 1σ . This large ḟ is detectable in the
single long observation, as the quadratic term 1

2 ḟ (t − t0)2

in the phase ephemeris contributes −0.37 cycles of rotation
over the elapsed time. However, its value is highly uncertain at
the 95% confidence level, as shown in Figure 1. A precise value
of ḟ will be determined easily with a follow-up observation.
The best value and 1σ range for the spin-down parameters in
the dipole pulsar model are spin-down power Ė ≡ −4π2If ḟ =
(6.8 ± 2.7)×1037 erg s−1, surface dipole magnetic field strength
Bs ≡ 3.2 × 1019

√
−f /̇f 3 = (2.7 ± 0.6) × 1012 G, and charac-

teristic age τc ≡ −f/2ḟ = 3.3–7.5 kyr. The pulsar parameters
are listed in Table 1.

Figure 2 presents the pulse profile of PSR J1813−1749
corresponding to the data folded at the peak signal value in (f, ḟ )
space. The detected pulsed fraction for the extracted photons
is 25% ± 3%, defined here as N (pulsed)/N (total), where we
choose the minimum of the folded light curves as the unpulsed
level. The quoted uncertainties are derived by propagating the
counting statistics of the light curve for 10 bins.

The intrinsic pulsed fraction is difficult to determine due to the
background contamination from the PWN in the source aperture

Figure 2. Pulse profile of PSR J1813−1749 folded in 20 phase bins at the
frequency corresponding to the peak power in the (f, ḟ ) search periodogram
shown in Figure 1. The dashed line indicates the combined contributions from
the X-ray background, PWN, and detector contamination. Phase zero is arbitrary.

Table 1
Timing Parameters of PSR J1813−1749

Parameter Value

R.A. (J2000)a 18h13m35s.166
Decl. (J2000)a −17◦49′57.′′48
Epoch (MJD) 54917
Period, P (ms) 44.699297(4)
Period derivative, Ṗ (1.5 ± 0.6) × 10−13

Characteristic age, τc (kyr) 3.3–7.5
Spin-down luminosity, Ė (erg s−1) (6.8 ± 2.7) × 1037

Surface dipole magnetic field, Bs (G) (2.7 ± 0.6) × 1012

Notes. 1σ uncertainties are given.
a Chandra ACIS-I position from Helfand et al. (2007).

(see Figure 3). Using the high-resolution Chandra X-ray image
of G12.82−0.02 (Helfand et al. 2007), we can resolve the pulsar
emission from that of the nebula for a given sized aperture to
estimate their relative contributions. Over the EPIC pn signal
extraction aperture, allowing for the EPIC pn beam size, we
derive a photon flux ratio of FPWN/FPSR+PWN = 0.51, after
correcting for the Chandra background (≈15% of the PWN
counts). Assuming a similar relative spectral response between
the two detectors, we use the Chandra ratio to correct the
background-subtracted XMM EPIC pn counts to determine the
PWN contamination in the source aperture. After correcting for
the EPIC pn X-ray and detector background contributions, and
taking into account the Chandra-derived PWN contamination,
we determine an intrinsic pulsed fraction for PSR J1813−1749
of 58% ± 9%.

3. DISCUSSION

3.1. Age and Energetics

HESS J1813−178 is one of the more compact TeV sources to
be associated with an SNR. The Gaussian extent of the source
is only σ = 2.′2 ± 0.′4 (Aharonian et al. 2006a), while the ra-
dio shell of G12.82−0.02 is only 2.′5 in diameter (Brogan et al.
2005). It is not clear if these are significantly different. Unlike
PSR J1813−1749/HESS J1813−178, many TeV sources as-
sociated with pulsars show a notable displacement between the
two, e.g., PSR B0833−45/Vela X (Aharonian et al. 2006b), PSR
B1823−13/HESS J1825−137 (Aharonian et al. 2006c; Pavlov
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search (Buccheri et al. 1983) centered on the FFT signal and
localized the pulsed emission with peak power Z2

1 = 476. This
corresponds to essentially zero false detection probability for the
number of independent search trials. The pulse profile is slightly
narrower than a sinusoid and shows no energy dependence in
subdivided bands within the 2–10 keV range.
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ing a Z2

1 search over (f, ḟ ) space. Figure 1 shows the resulting
contours for the signal power at the 68%, 90%, and 95% confi-
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f = 22.371716(2) Hz and ḟ = −(7.7 ± 3.1) × 10−11 Hz s−1;
the uncertainties are 1σ . This large ḟ is detectable in the
single long observation, as the quadratic term 1
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in the phase ephemeris contributes −0.37 cycles of rotation
over the elapsed time. However, its value is highly uncertain at
the 95% confidence level, as shown in Figure 1. A precise value
of ḟ will be determined easily with a follow-up observation.
The best value and 1σ range for the spin-down parameters in
the dipole pulsar model are spin-down power Ė ≡ −4π2If ḟ =
(6.8 ± 2.7)×1037 erg s−1, surface dipole magnetic field strength
Bs ≡ 3.2 × 1019

√
−f /̇f 3 = (2.7 ± 0.6) × 1012 G, and charac-

teristic age τc ≡ −f/2ḟ = 3.3–7.5 kyr. The pulsar parameters
are listed in Table 1.

Figure 2 presents the pulse profile of PSR J1813−1749
corresponding to the data folded at the peak signal value in (f, ḟ )
space. The detected pulsed fraction for the extracted photons
is 25% ± 3%, defined here as N (pulsed)/N (total), where we
choose the minimum of the folded light curves as the unpulsed
level. The quoted uncertainties are derived by propagating the
counting statistics of the light curve for 10 bins.

The intrinsic pulsed fraction is difficult to determine due to the
background contamination from the PWN in the source aperture

Figure 2. Pulse profile of PSR J1813−1749 folded in 20 phase bins at the
frequency corresponding to the peak power in the (f, ḟ ) search periodogram
shown in Figure 1. The dashed line indicates the combined contributions from
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Table 1
Timing Parameters of PSR J1813−1749

Parameter Value

R.A. (J2000)a 18h13m35s.166
Decl. (J2000)a −17◦49′57.′′48
Epoch (MJD) 54917
Period, P (ms) 44.699297(4)
Period derivative, Ṗ (1.5 ± 0.6) × 10−13

Characteristic age, τc (kyr) 3.3–7.5
Spin-down luminosity, Ė (erg s−1) (6.8 ± 2.7) × 1037

Surface dipole magnetic field, Bs (G) (2.7 ± 0.6) × 1012

Notes. 1σ uncertainties are given.
a Chandra ACIS-I position from Helfand et al. (2007).

(see Figure 3). Using the high-resolution Chandra X-ray image
of G12.82−0.02 (Helfand et al. 2007), we can resolve the pulsar
emission from that of the nebula for a given sized aperture to
estimate their relative contributions. Over the EPIC pn signal
extraction aperture, allowing for the EPIC pn beam size, we
derive a photon flux ratio of FPWN/FPSR+PWN = 0.51, after
correcting for the Chandra background (≈15% of the PWN
counts). Assuming a similar relative spectral response between
the two detectors, we use the Chandra ratio to correct the
background-subtracted XMM EPIC pn counts to determine the
PWN contamination in the source aperture. After correcting for
the EPIC pn X-ray and detector background contributions, and
taking into account the Chandra-derived PWN contamination,
we determine an intrinsic pulsed fraction for PSR J1813−1749
of 58% ± 9%.

3. DISCUSSION

3.1. Age and Energetics

HESS J1813−178 is one of the more compact TeV sources to
be associated with an SNR. The Gaussian extent of the source
is only σ = 2.′2 ± 0.′4 (Aharonian et al. 2006a), while the ra-
dio shell of G12.82−0.02 is only 2.′5 in diameter (Brogan et al.
2005). It is not clear if these are significantly different. Unlike
PSR J1813−1749/HESS J1813−178, many TeV sources as-
sociated with pulsars show a notable displacement between the
two, e.g., PSR B0833−45/Vela X (Aharonian et al. 2006b), PSR
B1823−13/HESS J1825−137 (Aharonian et al. 2006c; Pavlov

100 ks XMM Observation
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Table 2
Multi-waveband Luminosity Measurements of PSR J1813−1749

Mission Energy Band Source Luminositya εb Reference
(erg s−1) (%)

Chandra 2–10 keV AX J1813–178 1.9 × 1034 0.03 Helfand et al. (2007)
INTEGRAL 20–100 keV IGR J18135−1751 7.3 × 1034 0.1 Dean & Hill (2008)
Fermic 0.1–1 GeV 0FGL J1814.3−1739 5.4 × 1035 0.8 Abdo et al. (2009)
HESS > 200 GeV HESS J1813−178 4.8 × 1034 0.07 Aharonian et al. (2006a)

Notes.
a Total luminosity in the band assuming d = 4.7 kpc.
b Efficiency in the band assuming spin-down power Ė = 6.8 × 1037 erg s−1.
c Conversion from Fermi photon flux assumes a power-law photon index Γ = 2. However, association of the Fermi source
with G12.82−0.02/PSR J1813−1749 is not yet established (see Section 3.2).

Figure 3. XMM-Newton EPIC MOS broadband X-ray image of
PSR J1813−1749 and its wind nebula. The image is exposure corrected,
smoothed, and scaled to highlight the PWN emission and faint sources; the
pulsar (cross) is saturated in this display. Sources associated with the core of the
young stellar cluster of Messineo et al. (2008) are seen to the southwest (dashed
circle).

et al. 2008), PSR J1809−1917/HESS J1809−193 (Aharonian
et al. 2007; Kargaltsev & Pavlov 2007), PSR J1718−3825/
HESS J1718−385 (Aharonian et al. 2007; Hinton et al. 2007),
and possibly PSR J1617−5055/HESS J1616−508 (Aharonian
et al. 2006a; Landi et al. 2007). For these systems, the TeV
source is larger than the X-ray PWN. Apparently, the electrons
responsible for TeV emission via inverse Compton scattering
have longer lifetimes, and may have been injected at earlier
times, than the X-ray synchrotron emitting electrons now in the
inner PWN. It is also possible that the PWN is displaced in
one direction by an asymmetric reverse shock resulting from a
supernova that exploded initially in an inhomogeneous medium
(Blondin et al. 2001). These systems contain “middle-aged” pul-
sars, >104 yr, which are old enough for the reverse shock to have
had its effect, or for relativistic electrons to have diffused out
of the high B-field PWN. Theoretically, a TeV source powered
by a pulsar can live for up to 100 kyr as an inverse Compton
emitter in regions of low (µG) B-fields, with luminosity even
exceeding the current spin-down power of the pulsar (de Jager
& Djannati-Ataı̈ 2008). Their TeV luminosities can then exceed

their X-ray luminosities by a large factor, which is observed for
several sources.

In the case of PSR J1813−1749/HESS J1813−178, the com-
pact TeV source and lack of relative offset can now be ex-
plained by its youth, such as the Crab and several young pulsars
with compact HESS sources that are co-located with their
X-ray PWNe. The other compact sources are PSR J1846−0258/
HESS J1846−029 in the SNR Kes 75 (Djannati-Ataı̈ et al.
2008), PSR J1833−1034/HESS J1833−105 in G21.5−0.9
(Djannati-Ataı̈ et al. 2008), and the newly discovered 52 ms
PSR J1747−2809/HESS J1747−281 in G0.9+0.1 (Camilo et al.
2009; Aharonian et al. 2005b). PSR J1846−0258 is a 0.325 s
pulsar with a characteristic age τc of only 728 yr, and a spin-
down luminosity Ė = 8 × 1036 erg s−1 (Gotthelf et al. 2000).
PSR J1833−1034 has τc = 4900 yr and Ė = 3.3×1037 erg s−1.
However, the actual age of PSR J1833−1034 is probably
only ∼870 yr as measured by the expansion of G21.5−0.9
(Bietenholz & Bartel 2008). PSR J1747−2809 has Ė = 4.3 ×
1037 erg s−1 and τc = 5300 yr. PSR J1813−1749 shares with
these young pulsars a characteristic age !5000 yr, but its true age
may be significantly smaller than this because its initial period
P0 is not necessarily $P . In fact, Brogan et al. (2005) estimate
an age of <2500 yr for G12.82−0.02 based on its size, and pos-
sibly as small as 300 yr if it is still in the free-expansion stage.
In these relatively young and compact PWNe, the high B-fields
make for efficient synchrotron X-ray sources, and inefficient
inverse Compton TeV emission. The Crab, PSR J1833−1034,
and PSR J1846−0258, have ratios Lx/Lγ of ≈120, 40, and 10,
respectively (Djannati-Ataı̈ et al. 2008). This ratio is ≈0.5 for
PSR J1813−1749.

The efficiency of PSR J1813−1749 converting spin-down
luminosity to radiation at a distance of d = 4.7 kpc is ≈0.03%
for the 2–10 keV X-ray flux, ≈0.1% for the 20–100 keV
INTEGRAL flux, and ≈0.07% for the >200 GeV emission of
HESS J1813−178 (see Table 2). Mattana et al. (2009) used
empirical correlations of the ratio Lx/Lγ with Ė among known
HESS PWNe to estimate that Ė ∼ 1.5 × 1037 erg s−1 and τc ∼
6 kyr for the as-yet undiscovered PSR J1813−1749, which turns
out to be a reasonably accurate prediction of their actual values.

3.2. Environment and Associations

The location of G12.82−0.02 near a young stellar clus-
ter rich in massive binaries and containing a second SNR
(G12.72−0.00) suggests an association (Messineo et al. 2008).
Those authors determined cluster membership for giants and
early-type stars, and derived a consistent distance of 4.7 kpc
using radial velocities and optical/IR extinction. They esti-
mated an age of 6–8 Myr, and a total initial cluster mass of
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(Zane et al. 2011)

Discovery of 59 ms Pulsations from 
1RXS J141256.0+792204 (Calvera) 

A mysterious ROSAT object (Rutlege et al. 2007)

• High B-field INS whose properties does not allow easy classification,
• Soft thermal spectrum (kT = 0.2 keV) similar to MSPs & INSs,
• Inferred distance above the Galactic plane implied extreme velocity
• Evidence was found for an absorption feature at 0.65 keV
• PSR J1412+7922 is a XMM discovered 59.2 ms radio-quiet gamma-ray pulsar 

• Spin-down luminosity Ė = 6.3x1035 erg/s, age 𝝉 = 285 kyr, B = 4.5x1011 G,

• Strongly energy-dependent pulse fraction
• Rotation-powered? Orphaned CCO? Mildly Recycled Pulsar? 

compared to the other FPMs. We used a standard response
matrix file (version 1.01) in the CALDB and an ancillary
response file scaled to account for the three excluded detector
modules.

We measure background-subtracted source count rates of 0.94
and 0.41 countss−1 for PSRJ1412+7922 (0.3–3.0 keV) and
PSRJ1849−0001 (1–10 keV), respectively. Derived spectra are
binned so that individual bins have either >4σ detection
significance or up to 50 counts and 100 counts for PSRJ1412
+7922 and PSRJ1849−0001, respectively. Figure 4 shows the
data and best-fit spectral models for these two pulsars.

The soft X-ray bright source PSRJ1412+7922 was detected
below ∼2keV (top panel of Figure 4). We performed fits of its
spectrum in the 0.22–2.1keV band with models that include
photoelectric absorption (tbabs in XSPEC; Wilms et al. 2000)
and two additional components, either two blackbodies
(bbodyrad+bbodyrad) or a blackbody plus power law
(bbodyrad+pegpwrlw) because a single blackbody model
cannot reproduce the data; we note that Shibanov et al. (2016)
obtained a good fit to rotation phase-averaged Chandra and
XMM-Newton spectra using a single atmosphere model. Both
sets of spectral models show fit residuals that can be modeled
by an emission feature at∼0.55keV and an absorption feature at
∼0.76keV. The former is thought to be a foreground feature
due to solar wind charge exchange or a local hot bubble along
the line of sight, but it could be related to a 0.5 keV emission
feature reported in the Chandra spectrum (Shevchuk et al. 2009).

We added a Gaussian emission model (Gaussian) to take it
into account. The latter absorption feature was previously seen
in an XMM-Newton spectrum (Shibanov et al. 2016), and we
find it in our NICER data to be phase-dependent with an energy
shift over the pulse rotation. To account for it, we added a
Gaussian absorption model (gabs in XSPEC). The best-fit
parameters are summarized in Table 3. Detailed phase-resolved
spectral analysis with more realistic spectral models is the subject
of ongoing work.
The ∼1.5–9keV spectrum of PSRJ1849−0001 (bottom panel

of Figure 4) is well fit by a photoelectric absorption model
(tbabs) and either a single blackbody or power-law model. The
best-fit parameters are listed in Table 4. We favor the power-law
model, which was used in analyzing previous RXTE and
XMM-Newton observations (Gotthelf et al. 2011; Kuiper &
Hermsen 2015; Vleeschower Calas et al. 2018), because it is a
better fit than the blackbody model, with an improvement of

31.92�D � � , and the very high blackbody temperature is likely
unrealistic. Our derived X-ray flux (F 6.8 0.12 10

unabs � o q( )–
10 erg cm s12 2 1� � � ), absorption (N 6.2 10 cmH

22 2� q � ), and
photon index (Γ=1.54) are different from previous XMM-
Newton values (F 4.8 10 erg cm s2 10

unabs 12 2 1x q � � �
– , N 4.5H � q

10 cm22 2� , and Γ=1.3; Kuiper & Hermsen 2015). However, as
discussed in Section 1, there is notable diffuse emission around the
pulsar due to its PWN, and the nonimaging detectors of NICER
cannot resolve these two components.

Figure 2. Pulse profiles of PSRs J1412+7922 in the 0.37–1.97 keV band (top)
and J1849−0001 over 1.89–6 keV (bottom), folded at the ephemerides
reported in Tables 1 and 2 using all available NICER data.

Figure 3. Photon counts as a function of pulse phase and energy for PSRs
J1412+7922 (top) and J1849−0001 (bottom) folded at the ephemerides
reported in Tables 1 and 2 using all available NICER data.

4

The Astrophysical Journal, 877:69 (8pp), 2019 June 1 Bogdanov et al.

Bogdanov (2019)

XMM 20th Highlights: The “Classic” Pulsars



Discovery of X-ray Pulsations from the 
INTEGRAL source IGR J11014-6103

(Halpern et al. 2014)

• PSR J1101-6101 is young, radio-quiet P = 62.8 ms X-ray pulsar
• Spin-down luminosity Ė = 1.4x1036 erg/s, age 𝝉 = 116 kyr, B = 7.4x1011 G,
• Least energetic of the 15 RPP INTEGRAL pulsars 
• At 12’ from young SNR MSH 11-61A, associated?
• If so, highest velocity pulsar known ~1000 km/s
• Similar to the Guitar Nebula + PSR J224+64

The Astrophysical Journal Letters, 795:L27 (6pp), 2014 November 10 Halpern et al.

Table 1
XMM-Newton Timing Observations of PSR J1101−6101

Instr/Mode ObsID Date Date Exp Countsa Frequencyb Z2
1

(UT) (MJD) (s) (Hz)

EPIC-pn/SW 0722600101 2013 Jul 21 56494.033 38000 2110 15.9235473(14) 123.5
EPIC-pn/SW 0740880201 2014 Jun 8 56816.645 36476 1997 15.9234868(19) 68.5

Notes.
a Background subtracted source counts in the 0.5–10 keV band from a 15′′ radius aperture.
b 1σ uncertainty in parentheses.

Figure 1. Two EPIC pn small window (4.′3×4.′3) images of IGR J11014−6103
listed in Table 1. Extraction regions are the small circle (15′′ radius) for
PSR J1101−6101 and the large circle (30′′ radius) for background.

Events in the 0.5−10 keV band were selected from a circle
of radius 15′′ around the point source. This choice was a
compromise between maximizing the counts extracted from the
pulsar and minimizing contamination from the adjacent bow-
shock nebula and jet. Figure 1 shows the two images superposed,
with the extraction circle for the pulsar and another circle
used for background estimation. The photon arrival times were
transformed to barycentric dynamical time using the Chandra
measured position of the point source (Tomsick et al. 2012). The
Z2

1 test (Rayleigh test; Strutt 1880; Buccheri et al. 1983) was
used to search for pulsations, and a single, highly significant
peak was found in each observation at a period of 62.8 ms.
The Z2

1 periodograms are shown in Figure 2, where the peak
values are 123.5 and 68.5. Noise power S is distributed as
0.5 e−S/2, and the number of independent trials in a search to
the Nyquist frequency is ≈3 × 106. This leads to negligible
probabilities of 5 × 10−21 and 4 × 10−9, respectively, that
the two detections are false. One-sigma uncertainties in the
peak frequencies were estimated from the range corresponding
to Z2

1(max) − 1 around the peak. The significant change in
frequency results in a measurement of its derivative with
6% precision. Further examination of the radio timing data
reported by Tomsick et al. (2012) does not reveal a signal; thus,
PSR J1101−6101 remains radio quiet to the same limit derived
in Tomsick et al. (2012).

Figure 2. Z2
1 periodograms from the two XMM-Newton timing observations

listed in Table 1. The change in frequency corresponds to ḟ = (−2.17±0.13)×
10−12 s−2.

Table 2
Timing Parameters for PSR J1101−6101

Parameter Value

R.A. (J2000.0)a 11h01m44.s96
Decl. (J2000.0)a −61◦01′39.′′6
Epoch (MJD TDB)b 56494.00000012
Frequencyc, f 15.9235474(14) s−1

Frequency derivativec, ḟ (−2.17 ± 0.13) × 10−12 s−2

Periodc, P 0.062800077(6) s
Period derivativec, Ṗ (8.56 ± 0.51) × 10−15

Range of dates (MJD) 56494–56817
Spin-down luminosity, Ė 1.36 × 1036 erg s−1

Characteristic age, τc 116 kyr
Surface dipole magnetic field, Bs 7.4 × 1011 G

Notes.
a Chandra position from Tomsick et al. (2012).
b Epoch of phase zero in Figure 3.
c 1σ uncertainty in parentheses.

Table 2 lists the derived dipole spin-down parameters of
PSR J1101−6101, including the spin-down luminosity Ė =
−4π2If ḟ = 1.36 × 1036 erg s−1, the characteristic age
τc ≡ |f/2ḟ | = 116 kyr, and the surface dipole magnetic
field strength Bs = 3.2 × 1019 (P Ṗ )1/2 G = 7.4 × 1011 G.
An important caveat is the possibility that an intervening glitch
may have biassed the measurement of ḟ . The fractional change
in frequency over 322 days is ∆f/f = −3.8 × 10−6. This can
be compared to the largest glitches in the Vela pulsar, which
have ∆f/f ∼ 2 × 10−6 and a mean recurrence time of ≈3 yr
(Espinoza et al. 2011). If PSR J1101−6101 glitched between
the epochs of our observations, it is possible that its spin-down
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Figure 3. Energy-dependent pulse profiles of PSR J1101−6101 from the two
XMM-Newton timing observations combined. They are background subtracted
and normalized to 1. The phase between the two observations was adjusted to
align them.

rate has been underestimated by as much as ∼50%. However,
PSR J1101−6101 is not likely to be as active as the Vela pulsar,
which is a uniquely strong and frequent glitcher. In any case, our
main conclusions would not be changed by a ∼50% revision in
age or spin-down power.

The difference in peak Z2
1 values of the two observations,

after scaling for exposure time, is not great enough to claim
that the pulsed fraction has changed. The variance in measured
power as a function of intrinsic power was treated by Groth
(1975), and is summarized in Figure 1 of that paper (with the
difference that Groth’s power is actually our Z2

1/2). The figure
shows, for example, that if the true power is Z2

1 = 100, then
there is a 16% chance that the measured power will be >120,
and a 5% chance that it will be <68.

We used the timing parameters to combine the pulse pro-
files of the two observations, adjusting their relative phase to
maximize Z2

1 in the combined data. The folded light curves
in a range of energies between 0.5 and 10 keV are shown in
Figure 3, where they are background-subtracted and normal-
ized to 1 in each energy band. The single-peaked pulse shape

Figure 4. Chandra image of PSR J1101−6101 and its PWN from the 49.4 ks
observation of Pavan et al. (2014). Superposed is the Wilkin (1996) equation of
the contact discontinuity between the shocked pulsar wind and the shocked ISM,
fitted by eye. The parameters are the position angle of motion, 223◦, and the
radius of the apex, or stagnation point, which is r0 = 7.9 × 1016 d7 cm (0.′′75)
from the pulsar. The inclination angle i of the velocity vector with respect to the
plane of the sky is assumed to be 0◦.

and its phasing appears to be independent of energy, while the
pulsed fraction increases from ≈35% at the lowest energy to
≈50% at the highest. However, the pulsed fractions shown in
Figure 3 are definitely lower limits, as the source extraction cir-
cle includes an unknown number of counts from the PWN to the
northeast and, to a lesser extent, from the jet, while the circle
used for background subtraction (Figure 1) does not correct for
this contamination. Although the effect is difficult to quantify,
it probably accounts for the apparent increase in pulsed frac-
tion with energy in Figure 3, as the PWN has a softer spectrum
than the pulsar (ΓPWN = 1.9 ± 0.1, ΓPSR = 1.1 ± 0.2; Pavan
et al. 2014). The intrinsic pulsed fraction is therefore likely to be
!50% at all energies. In support of this interpretation, we find
that when we decrease the radius of the extraction aperture from
15′′ to 10′′, the pulsed fraction becomes ≈50% at all energies.

2.2. Bow-Shock Fitting

Knowing the spin-down power of PSR J1101−6101, we
reexamine the structure of its apparent bow-shock nebula to
obtain an independent estimate of the space velocity of the
pulsar. For this purpose, the higher resolution of Chandra is
more useful than XMM-Newton. Our analysis here follows and
extends that of Tomsick et al. (2012), who used a 5 ks Chandra
observation (ObsID 12420) with the Advanced CCD Imaging
Spectrometer. Here, we revisit the 49.4 ks Chandra ACIS-I
observation (ObsID 13787) that was presented by Pavan et al.
(2014). Figure 4 shows the region of this image containing
the pulsar and PWN, with each photon in the 0.5–8 keV band
indicated by a dot. Because the pulsar was located only 0.′8
from the optical axis, the spatial resolution for the pulsar and its
immediate surroundings is nearly optimal.

For the case of an isotropic wind from a star moving
supersonically through a uniform ISM, Wilkin (1996) derived
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3C 58 is the bright pulsar wind nebula surrounding PSR J0205+6449,
Known as a twin of the Crab Nebula, 3C 58 also seemed to lack a thermal SNR,
Using deep XMM imaging-spectroscopy the thermal shell is finally revealed,
Strong emission lines of Ne ix He-like transition are detected,
These require an overabundance of 3 x (Ne/Ne⊙) in the Raymond-Smith plasma model, 
The best-fit temperature kT = 0.23 keV is found to be essentially independent of radius,
The Lx for the 3C 58 shell is >10x the upper limit on a similar Crab Nebula shell,
We predict tSN=3700 yr based  on the shell offset from the pulsar location (Crab vel.).

7500 centered at coordinates R:A: ¼ 02h06m14B65 and decl: ¼
64"49031B9; the background for this region was determined from
a pair of apertures straddling the source region to the north and
south.

2.4. Spectral Analysis

Spectra from each observation were extracted from each annu-
lar region using standard channel binning for each instrument,
and a set of response matrices were generated for each ring using
the standard prescription for diffuse emission. The spectra and
response matrices were then summed over all observations for
each instrument following themethod used inADDASCASPEC.1

The two sets of MOS spectrawere then combined. Finally, all spe-

ctra were grouped into bins containing a minimum of 400 counts
and fitted using the XSPEC spectral fitting package.

To fit the summed spectra in each annulus we used the follow-
ing procedure. In all cases, the EPIC pn and EPIC MOS spectra
were fitted simultaneously, with the model normalizations al-
lowed to be independent to account for remaining flux calibra-
tion differences (P10%) between the two instruments (Saxton

1 ADDASCASPEC is part of the FTOOLS software package available at
heasarc.gsfc.nasa.gov/docs/software.html .

Fig. 2.—Evidence of a thermal shell surrounding the pulsar in 3C 58. Nor-
malized background-subtracted radial profiles for five adjacent energy bands
from 0.3 to 8.0 keV obtained with the XMM-Newton EPIC CCD detectors. A
prominent plateau of emission is seen for the lowest energy profile. A shell-
like structure (dashed line) is found for the radial profile of the 0.3Y1.2 keV
band image after subtracting off the normalized emission in the next highest
band.

TABLE 2

Spectral Fits and Fluxes

Annulus

Model Parameter 0A0Y0A5 0A5Y1A0 1A0Y1A5 1A5Y2A0 2A0Y2A5 2A5Y3A0 3A0Y3A5

NH (1021 cm#2) ....................... 4.16 (4.09Y4.24) 4.16 (fixed) 4.16 (fixed) 4.16 (fixed) 4.16 (fixed) 4.16 (fixed) 4.16 (fixed)

! (spectral index).................... 2.02 (2.01Y2.04) 2.29 (2.27Y2.31) 2.45 (2.43Y2.48) 2.55 (2.5Y2.59) 2.73 (2.67Y2.78) 2.81 (2.70Y2.92) 2.93 (2.75Y3.12)
PL fluxa pn (;10#13) .............. 34.3 28.0 20.6 15.0 8.40 3.86 2.05

PL fluxa MOS (;10#13).......... 41.4 31.5 23.8 16.7 9.60 4.40 2.48

!2(dof ) ................................... 404.01 (442) 207.01 (251) 138.71 (196) 129.18 (152) 80.28 (101) 36.98 (66) 39.66 (52)

kT ( keV) ................................. 0.24 (fixed) 0.24 (0.20Y0.29) 0.22 (0.20Y0.24) 0.22 (0.21Y0.23) 0.23 (0.22Y0.23) 0.23 (0.22Y0.24) 0.24 (0.21Y0.28)
Ne (Ne/Ne$) .......................... 3.0 (fixed) 5.5 (3.0Y9.4) 4.3 (3.6Y4.8) 3.1 (2.7Y3.4) 3.0 (2.8Y3.3) 3.6 (3.2Y4.0) 3.1 (2.2Y4.4)
kT fluxa pn (;10#13) ............... . . . 0.27 0.63 1.16 1.39 0.96 0.26

kT fluxa MOS (;10#13) .......... . . . 0.18 0.57 1.16 1.63 1.05 0.26

!2(dof ) ................................... 399.37 (443) 373.58 (414) 294.33 (365) 345.91 (319) 324.62 (252) 140.76 (164) 117.61 (125)

Total fluxa pn (;10#13) ........... 34.3 28.2 21.2 16.2 9.76 4.79 2.34

Total fluxa MOS (;10#13) ...... 41.4 32.0 24.1 17.8 11.2 5.40 2.62

Note—Uncertainties are 90% confidence for two interesting parameters.
a Absorbed flux in the 0.5Y10 keV band in units of (ergs cm#2 s#1).

Fig. 3.—Evidence for a thermal component with an overabundance of neon
in 3C 58. The solid line in the upper panel represents a best-fit power law plus
Raymond-Smith plasma emission model to the XMM-Newton EPICMOS spec-
tra (crosses) from the annular region (2A0Y2A5) centered on the pulsar in 3C 58.
The dotted line shows the power-law component only. Residuals from three dif-
ferent fits are displayed in the lower three panels. The first of these shows a strong
excess above the pure power-law model below 1.2 keV. The next panel down
shows the residuals from a model that includes an equilibrium thermal R-S plasma
with solar abundances. The strong line remaining at %0.9 keV corresponds to a
complex of emission lines from Helium-like neon (Ne ix). The bottom panel
shows a fit in which the neon abundance is three times solar. Model parameters
are given in Table 2.

NEON-RICH THERMAL X-RAY SHELL IN SNR 3C 58 269No. 1, 2007

The spectrum is well characterized by a steep power law with
index ! ¼ 2:88" 0:06 with no hint of any thermal emission at
low energies. The spectral index is the steepest value we mea-
sured, consistent with its location farthest from the pulsar (see
Fig. 6).

3. DISCUSSION

In Figure 6, we illustrate the relative contributions of the
thermal and nonthermal components as a function of radius. The
thermal shell is clearly present. Note, however, that this thermal
emission represents less than 4% of the observed (absorbed) flux
of the remnant in the 0.5Y10 keV band, explaining why it has
proven so elusive to date. Figure 7 displays the radial depen-
dence of the shell temperature and neon abundance; both are flat.
In contrast, the power-law spectral index ! monotonically in-
creases from! ¼ 1:9 at the remnant center to! ¼ 2:8 at the edge
(and ! ¼ 2:9 in the eastern lobe). This latter result is generally
consistent with earlier work (Torii et al. 2000; Slane et al. 2002),
although owing to the much larger number of photons collected
and the spectral-spatial decomposition we have performed, the
measurements extend to a greater radius and differ in detail, re-
maining flat between 2A2 and 3A2.

The widths of the annuli provide largely independent mea-
surements of the spectrum at each radius given the size of the
PSF. Some contamination is present from the inner, brighter rings
to the outer ones, however. Since the dominant power law is flatter
in the central regions, photons scattered to the outer regions bias
the power lawmeasured there.We have determined the degree of
contamination from power-law photons in each region by using
the PSF binned in 0A5 annuli and the geometric intersection of
those annuli with each extraction annulus (the minimal depen-
dence of the PSF on photon energy allows us to ignore this com-
plicating factor). The corrections to themeasured power-law slopes
reported in Table 2 are modest, albeit outside the formal errors.
In the central 0A5 circle, the power-law spectral index falls from

2.02 to 2.00, while in the first four annuli beyond this, the indices
change as follows: 2.29 becomes 2.38, 2.45 becomes 2.50, 2.55
becomes 2.58, and 2.73 becomes 2.78. Thus, the rise in spectral
slope is slightly steeper than shown in Figure 7. PSF contami-
nation effects are negligible for the thermal component since the
count rate is so low.

The parameters we derive for the shell are in excellent agree-
ment with those inferred in the early work of Bocchino et al.
(2001) andwith those found from a portion of the shell in the deep
Chandra observation of 3C58 (Slane et al. 2004): the temperature
and neon abundance are identical at kT ¼ 0:23 keVand 3.2 solar,
respectively. While these previous authors have cited the neon
overabundance as evidence that we are seeing emission from the
ejecta, a growing body of work (Cunha et al. 2006 and references
therein) suggests that the solar abundance of neon has been sys-
tematically underestimated by a factor of 2. In that our fits do not
require the statistically marginal enhancement of a factor of 2 in
the Mg abundance reported by Slane et al. (2004); we argue that
the provenance of the thermal emission remains an open question.

The total observed X-ray luminosity we derive for the shell
component is 5:9 ; 1032d 2

3:2 ergs s
#1, within the range found in

Bocchino et al. (2001). This is significantly below the upper limit
derived by Seward et al. (2006) for themissing CrabNebula shell.
The total mass is$0.77M% (for a mean molecular weight of 0.6,
which may not be appropriate if the bulk of the radiating material
is ejecta).

Evidence has been accumulating for some time that, despite
the apparently robust conclusions drawn from the historical re-
cords that 3C 58 is coincident with SN1181 (Stephenson&Green
1999), the remnant properties are inconsistent with such a young
age. Bietenholz (2006) provides a comprehensive summary of
the arguments against an association, as well as a list of alterna-
tive scenarios. Most of the evidence suggests a remnant age of
$3000Y5000 yr (e.g., Chevalier 2005). Our spatially resolved
image of the shell adds further to the case for an age >820 yr.

Using the X-ray-emitting mass we have derived and the an-
alytic models of PWN evolution from Chevalier (2005) we can

Fig. 6.—Spectroscopic detection of a thermal shell surrounding 3C 58. Shown
are the normalized radial profiles of the component flux from a power-law plus
variable abundance Raymond-Smith plasma emission model. The observed
fluxes are given in the 0.5Y10.0 keVenergy band using the EPIC MOS cameras
onboard XMM-Newton; a similar result is found using the EPIC pn cameras (see
Table 2). Notice the change of scale by a factor of $500 between the ordinate
axes; less than 4% of the observed remnant flux is in the thermal component,
explaining why it has proven so illusive.

Fig. 7.—Photon index for the best-fit power-law model, Raymond-Smith
plasma temperature, and Ne abundance as a function of radius. The power-law
index increases monotonically from ! ¼ 1:9 to 2.8, consistent with previous
reports in Torii et al. (2000) and Slane et al. (2004). The index derived from
emission in the eastern lobe up to 40 from the center is shown on the right axis.
Both the plasma temperature and the neon abundance show no significant radial
dependence between 1A0 and 3A2.
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set limits on the apparent age of the remnant. From equation (27)
of Chevalier (2005), we can combine the observed supernova rem-
nant radius of 2.8d3.2 pc and the pulsar timing-derived param-
eter Ė ¼ 2:7 ; 1037 ergs s"1 to obtain the age t3 in units of 1000yr,

t3 # 1:8M 0:4
ej E"0:2

51 ;

where Mej is the ejected mass in units of solar mass M$. If we
make the extreme assumption that all of the observed 0.77 M$
of X-ray-emitting gas is ejecta, and that it represents some frac-
tion %1 of the total ejected mass of the supernova, we find t3k
1:62E"0:2

51 . Thus, the pulsar must be at least twice the age of
SN 1181 for reasonable explosion energies and, for a more plau-
sible ejected mass of &5M$, the age is 3400 yr. Alternatively, if
we assume all of the observed gas has been swept up by the ex-
panding PWN, from Chevalier’s (2005) equation (28), we find
t ¼ 5100 yr (cf. the pulsar’s characteristic age of 5390 yr).

The pulsar’s location with respect to the circular shell of ther-
mal X-ray emission provides a potential test that could resolve
the age controversy. The location of the pulsar is marked with a
crosshair in Figure 8 (right panel ). It is apparent that this is not
the center of the shell; a circle best matching the observed ther-

mal emission is centered at 2h5m33:s97, 63'49 05000 (J2000.0),
with an uncertainty of 500 in both coordinates. This lies offset by
2700 ( 500 west (and slightly north) of the pulsar’s location. For
an age of 821 yr, a distance of 3.2 kpc, and spherical expansion
(an assumption supported by the fact we see no thermal emis-
sion in the eastern elongation of the remnant), this requires a
two-dimensional pulsar velocity of 500d3:2 km s"1. While not
impossible for a young neutron star, it is worth noting that if the
object has the same transverse velocity as the Crab pulsar, the
remnant age would be 3750d3:2 yr, consistent with other esti-
mates. We further note that the implied trajectory for the pul-
sar aligns to within a few degrees of the long axis of the nebula,
behavior commonly seen among PWNe. If Chandra survives
for another decade, it will be possible to resolve this issue di-
rectly, as the implied proper motion of 0B5 for the high-velocity
scenario will be directly measurable.

This research is supported by NASA LTSA grant NAG 5-8063
to E. V. G. and by grant SAO GO3-4026B to D. J. H. This re-
search has also made use of data obtained from the High Energy
Astrophysics Science Archive Research Center (HEASARC),
provided by NASA’s Goddard Space Flight Center.
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Fig. 8.—X-ray image of the pulsar wind nebula and the thermal shell in the supernova remnant 3C 58. These images are the mosaic of eight observations acquired
with the XMM-Newton EPIC cameras. Left: The 1.0Y2.0 keVexposure-corrected image with contours illustrates the morphology of the PWN and ‘‘lobe’’ regions. The
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A Shell of Thermal X-ray Emission Surrounding the Young 
Crab-like Remnant 3C 58

(Gotthelf, Helfand & Newburgh 2007)

XMM 20th Highlights: The “Classic” Pulsars



XMM Observations of
Magnetars

Magnetar SNR XMM (ks)
CXOU J010043.1-721134      347

4U 0142+61                           150

SGR 0418+5729                        540

SGR 0501+4516        SNR G160.9+2.6 215
SGR 0526-66    SNR N49 117
1E 1048.1-5937                       GSH 288.3-0.5-28? 394
1E 1547.0-5408 SNR G327.24-0.13 185

CXOU J162244.8-495054 SNR G333.9+0.0 210

SGR 1627-41 CTB 33 395

CXO J164710.2-455216                 Westerlund 1 279
RXS J170849.0-400910                  100
CXOU J171405.7-381031 CTB 37B 192
SGR J1745-29              Galactic Center 3,232
SGR 1806-20             W31 496

XTE J1810-197                        871

SGR J1822-1606                       M17 139

SGR 1833-0832                        77
CXOU J183452.1-084556 W41 229
1E 1841-045                Kes 73 97
AX J1845-0258 170

3XMM J185246.6+003317                525

SGR 1900+14             SNR G42.8+0.6 158

SGR 1935+2154  SNR G57.2+0.8 253
1E 2259+586               CTB 109 306

24 Total: 9,698



The last 2 decades has seen the synthesis of the SGRs, AXPs,TAXPs, as magnetars,
Discovery of a few lower field pulsar with magnetar-like behavior (~1013 G),
Even an RPP has exhibited magnetar burst and flares (PSR J1846-0258 in SNR Kes 75)
XMM phase resolved spectroscopy of SGR 0418+5729 reveals shifting absorption line.

The Magnetars
XMM has observed all magnetars, many contributing to their spectral and timing studies, 
Especially for the new, outbursting magnetars, and ones that are faint in quiescence. 
XMM + NuSTAR allows detailed studies of the broad-band, phase-resolved spectrum 

Highly variable spin-down (2x), erratic flux, complex energy-dependent pulse profiles,
Reoccurring short soft gamma-ray bursts (“Soft Gamma-ray Repeaters”),
Persistent X-rays, ms bursts, short flares, and outbursts lasting years,  
Radio emission from magnetars, sporadic, associated with X-ray outbursts,
X-ray spectra modeled by a 2T BB model (kT ~0.3, 0.6 keV) or a BB+PL (kT ~ 0.3, 𝜞 ~ 4),

X-ray spectrum above 10 keV has an additional, flatter power-law (𝜞 ~ 1)

XMM 20th Highlights: The Magnetars



• Central 3.82 s magnetar, 
• 2nd assoc. with a PWN,  

• Variable spin-down (2x),
• Unlike SGRs, no bursts, yet.

• CBB + PL, antipodal

This strongly suggests the presence of an independent hard
spectral component dominating above 10 keV, consistent with
that found for other magnetars, where the pulsed fraction
increases with energy. However, the present NuSTARdata are
insensitive to pulsations above 30 keV, where the signal is most
likely masked by a relatively large background.

Given the strong energy dependence of the pulsed fraction,
we postulate a model for the modulation that incorporates the
overlapping, pulsed spectral components, including their phase
difference. The hard and soft components combine to cancel

out the modulation in their region of overlap. We also model
the modulation in detail in Section 5.1 to further discriminate
among the acceptable spectral models.

5. Spectral Analysis

Our previous analysis of J171405 showed that a variety of
spectral models can fit the 0.3−10 keV Chandra and XMM-
Newton data equally well, including two blackbodies, a
blackbody plus power law, and a Comptonized blackbody

Figure 2. Exposure-corrected, smoothed XMM-Newton EPIC MOS images of J171405 in CTB37B, in two energy bands: 0.3–3 keV and 3–8 keV. These images are
scaled logarithmically and stretched to highlight the diffuse emission. Diffuse thermal emission from the supernova remnant is clearly evident in the 0.3–3 keV band,
overlapping the radio remnant (contours). The upper-left image shows the 20cm contours from the Multi-Array Galactic Plane Imaging Survey (White et al. 2005),
while the upper-right image shows the 843MHz contours from the Molonglo Observatory Synthesis Telescope (Green et al. 1999). Details of X-ray structure of the
remnant are shown with expanded scale in the lower-left image, with the magnetar region excluded. In the 3–8 keV band (lower right), the circle to the south–
southeast of the pulsar is the extraction aperture for the extended, hard source XMMUJ171410.8−381442 analyzed in Section 5.2.
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XMMChandra

XMM 20th Highlights: The Magnetars

(Halpern & Gotthelf 2010, 2011; Gotthelf et al. 2019)
A magnetar in SNR CTB 37B coincident with HESS J1713-381

To characterize the broadband spectrum of J171405 we
conducted a joint fit of the contemporaneous 2016 XMM-Newton
and NuSTAR data. Several trial spectral models were fitted in the
1−10 keV and 3−65 keV range, for the two missions,
respectively. With the addition of the harder NuSTAR spectra,
we find that all single component models are rejected, including
those allowed by previous fits to data below 10 keV, as reported
in Paper II. Similarly, of the plausible two-component models,
the two-blackbody model is also rejected due to a poor fit.

In contrast, we are able to obtain an excellent fit to the data
(Figure 6) using an absorbed blackbody plus hard power-law
model (BB+PL), with or without taking into account possible
Compton scattering of the thermal emission (CBB+PL). For the
latter, we use the model described in Halpern et al. (2008), where

( ) ( )B Uw � Aln lnes is the log ratio of the scattering optical depth
τes over the mean amplification A of photon energy per scattering,
valid for τes=1 (Rybicki & Lightman 1986). The derived
column densities for these models are consistent with the value
reported for the SNR obtained using Suzaku data (Nakamura et al.
2009). While a fit using the double power-law model is formally
acceptable, in this case the column density is far from that obtained
for the SNR. A summary of spectral results for these models is
presented in Table 2. Assuming a distance of 9.8kpc (Blumer
et al. 2019), the 2–50 keV X-ray luminosity of J171405 is ≈5.7×
1034 erg s−1. This is comparable to its spin-down power, ˙ �E

˙Q x qIP P4 5 102 3 34 erg s−1 for P=3.83 s, ˙ � q �P 7 10 11,
and moment of inertia I=1045 g cm2.

A further constraint on possible spectral models is provided
by the energy-dependent modulation of the pulse profile as
presented in Section 4. For the sum of two sinusoidally varying
spectral components with the same period, but phase difference
Δf, the net pulsed fraction fp(E) as a function of photon energy
E is predicted from their relative fluxes, F1(E) and F2(E), as
follows:

( ) ( ) [ ( )] ( ) [ ( ) ]
( ) ( )

Z Z G
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f E
f F E E f F E E

F E F E

sin sin
,p

1 1 2 2

1 2

where f1 and f2 are the (assumed energy-independent) pulsed
fractions of the two spectral components, and
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is the energy-dependent phase shift. Note that the modulation
tends toward a minimum at the spectral crossover energy,
where the fluxes from the two spectral components are equal.
We apply this modulation model to the results of the joint fits to

the coincident 2016 XMM-Newton and NuSTAR spectra for each
spectral model of Table 2. Only the CBB+PL model is able to
reproduce the observed modulation curve as a function of energy,
specifically the location of the dip at 6.1 keV (Figure 7). The
implied energy-independent modulation is 45% for both compo-
nents, and the apparent phase offset is Δf=0.43 cycles. This
offset between the phase of the blackbody and the power-law
spectral components suggest that they arise on opposite sides of the
NS, or possibly that the thermal emission is not viewed directly,
but reflected by an opaque scattering screen (see Section 6).
The DO

2 of the CBB+PL spectral fit is smaller than that of the
BB+PL model, justifying the extra parameter. But the
modulation data provides a further constraint on the spectrum
that allows us to distinguish between models, in this case
implying deviations from pure blackbody emission. Further-
more, simultaneously fitting the spectra and modulation curve
allows us to fine tune the spectral parameters for the CBB+PL
model to adjust the spectral crossover (6.6 keV) between
components to match the dip in modulation at 6.1 keV. The
tuned spectral parameters are well within the uncertainties of
the nominal fit parameters for this model, resulting in a
negligible change in the DO

2, as presented in Table 2.
We now consider the full set of Chandra, XMM-Newton, and

NuSTAR spectra acquired over a span of 8 yr, from 2009
January25 to 2017 February22 (11 observations, see Table 1).
Initial fits at each epoch shows no evidence of significant
change in the spectral shape over time. We therefore fit all the

Figure 5. NuSTAR pulse profiles of J171405 computed in two energy bands,
2−6 keV and 9−30 keV, from the 2016 observation. These profiles are
background-subtracted and normalized so that the pulsed fraction is read from
the y-axis. The 180° shift in phase from the soft to the hard band is additional
evidence for a hard spectral component that dominates above 9 keV (see
discussion in Section 5.1).

Figure 6. The broadband X-ray spectrum of the magnetar J171405 in
CTB37Bfitted to the absorbed Comptonized blackbody plus power-law
model. Shown is the joint fit to the coincident 2016 XMM-Newton and NuSTAR
data sets with model normalizations allowed to be independent. Upper panel:
The data points (crosses) are plotted along with the best-fit model (histogram)
given in Table 2. Lower panel: The best-fit residuals in units of sigma.
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NuSTAR

• Evidence for an X-ray PWN, 
• (Similar to Swift J1834.9−0846 / 

SNR (W41) / HESS J1834−097), 
• TeV from relic electrons from a 

dissipated PWN?

Youngest (τ=1 kyr), most energetic (4.2x1034 erg s-1) magnetar (5x1014 G)

spectra simultaneously with their normalization left free, to
allow for calibration differences between telescopes and to
search for flux variability. For ease of comparison, we use the
nominal BB+PL model. The resulting combined fit is shown in
Figure 8. The NuSTAR spectra, even if not generally taken at
the same epoch as the other data sets, strongly constrain the
temperature at the lower energies where the blackbody
component dominates the Chandra and XMM-Newton spectra.
The combined best-fit model parameters are NH=(3.88±
0.16)×1022 cm−2, blackbody temperature kT=0.60±
0.015 keV, and photon index Γ2=0.95±0.19, with a D �O

2

1.02 for 601 degrees of freedom. This result is consistent with

that presented in Table 2 for the coincident XMM-Newton and
NuSTAR spectral fits.
To study the long-term flux and spectral variability we

refitted the individual spectra with column density and power-
law index again linked between epochs, but with temperatures
and normalizations free. The resulting temperature and flux for
each observation are shown in Figure 9. We find no significant
change in the time history of the temperature, but there is flux
variability evidently uncorrelated with temperature. We
quantify this variability by comparing a simultaneous fit across
the 11 spectra with all parameters linked to one for which the
blackbody normalization (only) is free to vary. The ratio of the
resulting statistics, χ2=2.30(621) and χ2=1.04(610),
strongly excludes a constant flux model, with F-test probability
~ � q �1.5 10 16.

Table 2
CXOUJ171405.7−381031: Joint Fits to Coincident 2016 XMM-Newton/NuSTAR Spectra

Parameter CBB+PL CBB+PL BB+PL PL+PL
Tuned

NH (1022 cm−2) 4.0±0.5 3.9±0.6 3.6±0.5 7.0±0.7
kT1 (keV) 0.54±0.05 0.55±0.04 0.62±0.04 L
R1 (km) 1.3(1.1−1.6) 1.3(1.1−1.4) 1.1(0.95−1.3) L
L1bol

a ... ... 2.33×1034 L
Γ1 ... ... ... 3.94±0.4
Γ2 0.59±0.22 0.70±0.20 0.92±0.26 0.48±0.2
α 1.6(1.2−2.6) 2.1(fixedb) ... L
Fx(2–10 keV)c 1.18×10−12 1.18×10−12 1.19×10−12 1.15×10−12

Lx(2–10 keV)a 1.9×1034 1.9×1034 1.9×1034 2.6×1034

Lx(2−50 keV)a 5.7×1034 5.7×1034 5.3×1034 6.7×1034

( )D OO
2 0.869(69) 0.872(70) 1.02(70) 1.14(70)

Notes. Quoted uncertainties are at the 90% confidence level for two interesting parameters.
a Unabsorbed luminosity, in erg s−1, for d=9.8 kpc (Blumer et al. 2019).
b Comptonized blackbody (CBB) parameter ( ) ( )B Uw � Aln lnes tuned to match the modulation curve minimum. See Section 5.1 for details.
c Absorbed 2–10 keV flux, in ergcm−2 s−1, from the XMM-Newton EPIC pn.

Figure 7. Energy-dependent modulation fp(E) of J171405 computed using the
2016 NuSTAR observation. The modulation data points are derived from a
sinusoidal fit to the background-subtracted pulse profiles, in overlapping
logarithmically spaced energy bins. The energy dependence of the modulation
and phase (solid lines) are modeled well by the ratio of the spectral components
of the Comptonized blackbody plus power-law model (see Section 5.1), with
f1=f2=0.45. The model is computed for the observed pulse-phase offset of
Δf=0.43 cycles between soft and hard X-rays (red line), and for a phase
offset of Δf=0.5 cycles (blue line). Other spectral models are rejected
because the crossover energies of their components do not match the energy
(6.1 keV) where the observed pulsed fraction is a minimum.

Figure 8. Broadband X-ray spectra of the magnetar J171405 in CTB37B at
several epochs from year 2009 onwards, as listed in Table 1. Shown are
Chandra ACIS, XMM-Newton EPIC pn, and NuSTAR FPM spectra fitted
simultaneously to an absorbed blackbody plus power-law model. The model
normalizations are independent between spectra. Upper panel: The data points
(crosses) are plotted along with the best-fit model (histogram). Lower panel:
The best-fit residuals in units of sigma.
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Offset 
dipole 
modelΔɸ=0.43



First transient magnetar discovered (Ibrahim et al. 2004); 
First radio magnetar discovered (Halpern et al. 2005),
Inspired Beloborodov (2009) theory of untwisting magnetospheres of NSs.

XMM - 2BB spectra

XMM 20th Highlights: The Magnetars

The Anatomy of a Magnetar: XMM Monitoring of the Transient 
Anomalous X-ray Pulsar XTE J1810 197

(Gotthelf & Halpern 2007)



Reawakening: The Dec 2018 radio (Lyne 2018)) / X-ray outburst of XTE J1810-197,
The magnetar underwent a new X-ray outburst, more energetic, caught much earlier,
Following temporal evolution to test untwisting B-field bundle theory, 
Campaign using  XMM / NuSTAR / NICER underway.

Hard X-ray 
non-thermal 
component

Energy dependent pulse phase offset

Radio outburst!
NuSTAR

The 2018 X-Ray and Radio Outburst of 
Magnetar XTE J1810-197

(Gotthelf et al. 2019)

XMM 20th Highlights: The Magnetars

XMM/NuSTAR 
Monitoring too



XMM Observations of
Millisecond Pulsars



Millisecond Pulsars (MSPs): 

These rapidly spinning NSs are theorized to originate in LMXB, where they are spun up (recycled) to millisecond periods by accretion, and emerge as rotation-
powered, radio MSPs when the accretion stops.

 For the rst time, switching between rotation-powered and accretion-powered states has been observed in a pulsar system, supplying the missing link between the radio 
MSPs and their LMXB progenitors, and providing strong support for the recycling theory. I

n March 2013, the INTEGRAL satellite detected a bright transient source IGR J18245-2452 in the globular cluster M28. Follow-up observations with XMM (Papitto et 
al. 2013) using the EPIC pn CCD in timing mode discovered X-ray pulsations with a period of 3.93 ms and an orbit of 11 hr (Fig. 13), exactly matching the timing 
parameters of PSR J1824-2452I, a previously known radio pulsar in the cluster, and proving that the transient LXMB and the radio MSP were the same object. When 
accreting material penetrates within the light cylinder of the radio pulsar and falls onto the polar caps, it quenches the radio pulsation mechanism and replaces it with X-
ray pulsations. 

radio pulsations from another binary MSP, the 1.69 ms PSR J1023+0038, were observed to turn off for the first time since their detection in 2007, indicating that it has 
probably start- ed accreting. There had been evidence that this 4.8 hr binary was accreting in 2000-2001, when optical emission lines and the blue continuum 
characteristic of an accretion disk were seen. Now accretion has resumed, as evidenced by enhanced optical and X-ray emission observed after the radio pulsations 
turned off. With a ux of 1 x 10-11 erg cm-2 s-1, the 0.3–10 keV X-rays from PSR J1023+0038 were not quite bright enough to trigger any all-sky monitor, but an entire 
XMM revolution was used to observe it in October 2013 (PI: Bogdanov). 

This observation will enable X-ray pulsations to be detected, if they are present, as in PSR J1824-2452I. Variable emis- sion from the accretion disk, and orbital 
modulation in the optical due to heating of the illuminated face of the companion star will also be studied. PSR J1023+0038 was previously observed by XMM in its 
quiescent radio pulsar state (Archibald et al. 2010), which revealed X-ray emission modulated on the orbital period with a maximum at superior conjunction of the 
companion star, demonstrating the existence of the predicted intrabinary shock between the pul- sar wind and the ablated face of the companion. Now an accretion disk 
has formed, which is ght- ing the pressure of the pulsar wind close to the NS. This is evident from rapid X-ray fluctuations, and enhanced Fermi gamma-ray flux coming 
from a now more luminous shock. 

Both PSR J1023+0038 and IGR J18245-2452 are nearly Roche-lobe-filling systems called “red- backs,” which are related to the black-widow pulsars, the energetic 
MSPs that have nearly evaporat- ed their companion stars. These and other eclipsing millisecond pulsars that were once rare are being found in large numbers by Fermi, 
and are the subject of detailed X-ray study by XMM (e.g., Bogdanov et al. 2013). With its long orbit, 30 ms timing, and high throughput, XMM is uniquely suited to 
studying the rich X-ray behavior of these complex systems, which display rapid variability while in the accreting state. The OM enables complete coverage of binary 
orbits, which is often not possible from the ground because of seasonal restrictions and Earth’s rotation. 

 

XMM 20th Highlights: The MSP

XMM 20th Highlights: The MSP



Changes in radio emission behavior have been well    
documented for a number of pulsars, 
These manifest as switches between ordered and 
disordered variations in intensity and pulse shapes, 
Coordinated radio and X-ray observations now reveal 
coordinated state change between then two bands,
Radio-“quiet” mode / 100% pulsed thermal emission,
Radio-“bright” mode / unpulsed, nonthermal X-rays,
This new behavior points to a global change in the pulsar 
magnetosphere, possibly related to local ISM accretion.

New phenomenology discovered using XMM — coordinated radio/X-ray mode-switching

XMM 20th Highlights: The MSP

Synchronous X-ray and Radio Mode Switches: A Rapid Global 
Transformation of the Pulsar Magnetosphere [PSR  B0943+10]

(Hermsen et al. 2013)
and

Simultaneous XMM-Newton Radio Observations of the 
Mode-switching Radio Pulsar PSR B1822-09

(Hermsen et al. 2018)

PSR  B0943+10

strengthen the earlier conclusion that entire mag-
netospheres change, settling down within a few
seconds.

To test these hypotheses, we carried out a
simultaneous x-ray and radio observing cam-
paign on PSR B0943+10 from 4 November to
4 December 2011. These observations were
designed to investigate what changes, if any,
occurred in the x-rays when the radio emission
changed mode. The x-ray observations consisted
of six 6-hour observations in the 0.2- to 10-keV
energy band with ESA’s XMM-Newton space
observatory (16) (table S1), accompanied by ra-
dio observations with theGiantMetrewaveRadio
Telescope (GMRT) in India at 320 MHz and the
international Low Frequency Array (LOFAR) at
140 MHz, both simultaneously.

To identify the radio B- and Q-mode time win-
dows, we folded the radio pulse sequences with
up-to-date ephemerides from the Jodrell Bank
long-term timing program (17) (Fig. 1).We could
determine the times of mode switches fromGMRT
and LOFAR data with an accuracy of a few sec-
onds. Table S2 lists the used B- and Q-mode time
windows, which completely cover our XMM-
Newton observations. In the ~30 hours of us-
able x-ray observations, PSR B0943+10 spent
roughly equal amounts of time in the B and Q
modes.

PSR B0943+10 was clearly detected in each
of our XMM-Newton observations with the simul-
taneously used charge-coupled device (CCD)
detectors PN (18) and MOS-1+2 (19) of the
European Photon Imaging Camera (EPIC). The

derived count rates ranged from that of the pre-
viously reported value for the PN detector of
0.38 (T0.07) × 10−2 counts/s (0.5 to 8 keV) (14)
up to about twice that value, providing evidence
for x-ray variability in an old, rotation-powered
pulsar. Dividing the 0.2- to 10-keV x-ray events
into the radio-derived B- and Q-mode time win-
dows, we found the x-ray count rate to be higher
in the radio Qmode than in the B mode by more
than a factor of 2 (fig. S1). In the B mode, the
PN CCDs had a count rate of 0.44 (T0.07) × 10−2

counts/s, whereas in the Q mode this more than
doubled to 1.08 (T0.08) × 10−2 counts/s. This
finding was independently confirmed with the
MOS detectors, providing evidence for simul-
taneous mode switching in the radio and x-ray
properties.

To search for x-ray pulsations, we selected
events recorded by the PN and MOS-1+2 CCDs
that arrived in the Q-mode time window andwith-
in a radius of 15 arc sec from the source posi-
tion. From this, we obtained a 6.6s detection of
a pulsed signal (Fig. 2B, top) at a period con-
sistent with the rotational frequency predicted
by the Jodrell Bank ephemeris (table S3). The
pulse profile (energies of 0.5 to 2 keV) is broad.
Surprisingly, the x-ray events detected during the
radio B mode do not show any evidence for a
pulsed signal (Fig. 2A, top). Figure 2 shows that
the broad x-ray pulse in the Q mode covers the
phases of the main radio pulse and precursor; the
latter is clearly visible in the Q mode, 52° (0.14
phase) ahead of the main pulse at 320 MHz
(Fig. 2B).

X-ray spectral analysis (16) revealed two com-
ponents in the Q mode. The best spectral fit to
the total (i.e., pulsed and unpulsed) spectrum is
the sum of a power-law component and a ther-
mal blackbody component (Fig. 3A; fit param-
eters in Table 1 and table S4). The spectrum of
the pulsed component in the Q mode is best de-
scribed by a single thermal blackbody model
(Fig. 3B, Table 1, and table S4). It appears that
the spectral fits to the thermal component in the
total Q-mode spectrum and the thermal pulsed
spectrum in the Q mode are statistically consist-
ent (∆ flux = 0.1s, ∆kT = 2.5s). This means that
the Q-mode total x-ray emission consists of an
unpulsed component with a steep, nonthermal
power-law spectrum, and a ~100% pulsed com-
ponent with a thermal blackbody spectrum. This
is also reflected in the variation of the pulsed
fraction with energy (table S5). In the B mode,
the spectrum can be satisfactorily described with
a single power law as well as a single blackbody
shape (table S4). However, the most likely shape
is a nonthermal spectrum (Fig. 3C), indistinguish-
able from the nonthermal component in the total
Q-mode spectrum (supplementary text).

PSR B0943+10 is one of only 10 old (char-
acteristic age >1 million years), nonrecycled radio
pulsars where x-ray emission has also been de-
tected (20–22). Although the surfaces of such
pulsars have cooled substantially since birth, the
observed x-ray emission is argued to be thermal in
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Fig. 1. (A) Identification of the B and Qmodes with LOFAR at 140 MHz during XMM-Newton observation
1, showing pulse intensity versus rotational phase and time. A 10-min section (at the 4-hour mark)
contaminated by interference is blanked out. (B) Comparison of the measured signal-to-noise ratio (SNR)
and the nominal relative LOFAR sensitivity, changing with elevation throughout the observation (gray
scale), normalized over the 4.0- to 4.5-hour range. (C) GMRT detection at 320 MHz of a Q- to B-mode
transition in XMM-Newton observation 5. Color scale is optimized to show the simultaneous disappearance
of the precursor pulse at phase ~0.35. A 15-min section (at the 1.5-hour mark) used for rephasing on a
continuum source is blanked out.

Fig. 2. Aligned x-ray and radio pulse profiles
of PSR B0943+10 in its B and Q modes. (A) B
mode: There is no evidence for a pulsed signal
in the B-mode x-ray data, the flat distribution
showing constant emission from the pulsar. (B)
Q mode: The x-ray profile in the Q mode rep-
resents a 6.6s detection on top of a flat con-
stant level. The solid and dashed lines in the
x-ray profiles are the kernel density estimator
and T1s levels. The weak precursor, present
only in the Q mode, is clearly visible in the
GMRT radio profile at 320 MHz at 52° (0.14
phase) prior to the main pulse, and verified to
be also weakly present in the LOFAR Q-mode
profile.
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strengthen the earlier conclusion that entire mag-
netospheres change, settling down within a few
seconds.

To test these hypotheses, we carried out a
simultaneous x-ray and radio observing cam-
paign on PSR B0943+10 from 4 November to
4 December 2011. These observations were
designed to investigate what changes, if any,
occurred in the x-rays when the radio emission
changed mode. The x-ray observations consisted
of six 6-hour observations in the 0.2- to 10-keV
energy band with ESA’s XMM-Newton space
observatory (16) (table S1), accompanied by ra-
dio observations with theGiantMetrewaveRadio
Telescope (GMRT) in India at 320 MHz and the
international Low Frequency Array (LOFAR) at
140 MHz, both simultaneously.

To identify the radio B- and Q-mode time win-
dows, we folded the radio pulse sequences with
up-to-date ephemerides from the Jodrell Bank
long-term timing program (17) (Fig. 1).We could
determine the times of mode switches fromGMRT
and LOFAR data with an accuracy of a few sec-
onds. Table S2 lists the used B- and Q-mode time
windows, which completely cover our XMM-
Newton observations. In the ~30 hours of us-
able x-ray observations, PSR B0943+10 spent
roughly equal amounts of time in the B and Q
modes.

PSR B0943+10 was clearly detected in each
of our XMM-Newton observations with the simul-
taneously used charge-coupled device (CCD)
detectors PN (18) and MOS-1+2 (19) of the
European Photon Imaging Camera (EPIC). The

derived count rates ranged from that of the pre-
viously reported value for the PN detector of
0.38 (T0.07) × 10−2 counts/s (0.5 to 8 keV) (14)
up to about twice that value, providing evidence
for x-ray variability in an old, rotation-powered
pulsar. Dividing the 0.2- to 10-keV x-ray events
into the radio-derived B- and Q-mode time win-
dows, we found the x-ray count rate to be higher
in the radio Qmode than in the B mode by more
than a factor of 2 (fig. S1). In the B mode, the
PN CCDs had a count rate of 0.44 (T0.07) × 10−2

counts/s, whereas in the Q mode this more than
doubled to 1.08 (T0.08) × 10−2 counts/s. This
finding was independently confirmed with the
MOS detectors, providing evidence for simul-
taneous mode switching in the radio and x-ray
properties.

To search for x-ray pulsations, we selected
events recorded by the PN and MOS-1+2 CCDs
that arrived in the Q-mode time window andwith-
in a radius of 15 arc sec from the source posi-
tion. From this, we obtained a 6.6s detection of
a pulsed signal (Fig. 2B, top) at a period con-
sistent with the rotational frequency predicted
by the Jodrell Bank ephemeris (table S3). The
pulse profile (energies of 0.5 to 2 keV) is broad.
Surprisingly, the x-ray events detected during the
radio B mode do not show any evidence for a
pulsed signal (Fig. 2A, top). Figure 2 shows that
the broad x-ray pulse in the Q mode covers the
phases of the main radio pulse and precursor; the
latter is clearly visible in the Q mode, 52° (0.14
phase) ahead of the main pulse at 320 MHz
(Fig. 2B).

X-ray spectral analysis (16) revealed two com-
ponents in the Q mode. The best spectral fit to
the total (i.e., pulsed and unpulsed) spectrum is
the sum of a power-law component and a ther-
mal blackbody component (Fig. 3A; fit param-
eters in Table 1 and table S4). The spectrum of
the pulsed component in the Q mode is best de-
scribed by a single thermal blackbody model
(Fig. 3B, Table 1, and table S4). It appears that
the spectral fits to the thermal component in the
total Q-mode spectrum and the thermal pulsed
spectrum in the Q mode are statistically consist-
ent (∆ flux = 0.1s, ∆kT = 2.5s). This means that
the Q-mode total x-ray emission consists of an
unpulsed component with a steep, nonthermal
power-law spectrum, and a ~100% pulsed com-
ponent with a thermal blackbody spectrum. This
is also reflected in the variation of the pulsed
fraction with energy (table S5). In the B mode,
the spectrum can be satisfactorily described with
a single power law as well as a single blackbody
shape (table S4). However, the most likely shape
is a nonthermal spectrum (Fig. 3C), indistinguish-
able from the nonthermal component in the total
Q-mode spectrum (supplementary text).

PSR B0943+10 is one of only 10 old (char-
acteristic age >1 million years), nonrecycled radio
pulsars where x-ray emission has also been de-
tected (20–22). Although the surfaces of such
pulsars have cooled substantially since birth, the
observed x-ray emission is argued to be thermal in
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continuum source is blanked out.

Fig. 2. Aligned x-ray and radio pulse profiles
of PSR B0943+10 in its B and Q modes. (A) B
mode: There is no evidence for a pulsed signal
in the B-mode x-ray data, the flat distribution
showing constant emission from the pulsar. (B)
Q mode: The x-ray profile in the Q mode rep-
resents a 6.6s detection on top of a flat con-
stant level. The solid and dashed lines in the
x-ray profiles are the kernel density estimator
and T1s levels. The weak precursor, present
only in the Q mode, is clearly visible in the
GMRT radio profile at 320 MHz at 52° (0.14
phase) prior to the main pulse, and verified to
be also weakly present in the LOFAR Q-mode
profile.
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Hermsen et al. 2013



Phase-resolved spectroscopy in the 0.5–79 keV range for all three objects,
Best measurements of their broadband spectra and pulsed emission to-date,
No conclusive evidence for a spectral turnover or break. 
Turnover required in the 100 keV to 100 MeV range to march up Fermi γ-ray emission 

(Gotthelf  & Bogdanov 2017) 

NuSTAR Hard X-Ray Observations of the Energetic MSP PSR 
B1821-24, PSR B1937+21, and PSR J0218+4232 

Examples of Joint XMM-NuSTAR Broad-band Spectroscopy

5. MSP Spectral Energy Distribution

Using the improved constraints on the hard portion of the
X-ray spectra for the three MSPs, we can re-examine the SEDs
of these objects ranging from soft X-rays to GeV gamma-rays

by combining our X-ray results with archival spectra in the
0.1–100GeV band obtained with the Fermi-LAT. Generally,
the γ-ray spectra of MSPs are well fit by a power-law model
with an exponential cutoff, which is typical of rotation-powered
pulsars.
Johnson et al. (2013) reported the detection of γ-ray pulsations

from PSRB1821-24 at a level of 5.4σ in Fermi-LAT data.

Figure 6. Comparison of the NuSTAR (top) and XMM-Newton (bottom) pulse
profiles of the 1.55ms pulsar PSRB1937+21. The NuSTAR3–25 keV data
are corrected for timing inaccuracies, as described in Section 2.2, and XMM-
Newton EPIC-pn data were obtained in fast timing mode. The background level
is indicated by dashed line. These profiles contain 100 and 60 phase bins for the
NuSTAR and XMM-Newton data, respectively. Phase zero is arbitrarily aligned
so that the main pulse peak falls on 0.5G � . Two cycles are shown for clarity.

Figure 7. Phase-resolved NuSTAR spectrum of PSR B1937+21 fitted
simultaneously with the phase-averaged Chandra and XMM-Newton MOS
spectrum to an absorbed power-law model with independent normalizations
The upper panel presents the Chandra (black), XMM-Newton (blue), and
NuSTAR (red) spectral data points (crosses) along with the best-fit model (solid
lines) given in Table 2. The lower panel shows the fit residuals in units of
sigma.

Figure 8. Comparison of the NuSTAR (top) and Chandra (bottom) pulse
profiles of the 2.32ms pulsar PSRJ0218+4232. The NuSTAR3–25 keV data
are corrected for timing inaccuracies, as described in Section 2.2, and Chandra
HRC-S data were obtained in fast timing mode. The background level is
indicated by the dashed line. These profiles contain 20 phase bins and phase
zero is arbitrarily aligned so that the main pulse peak falls on 0.5G � . Two
cycles are shown for clarity.

Figure 9. Phase-resolved NuSTAR spectrum of PSR J0218+4232 fitted
simultaneously with the phase-averaged XMM-Newton MOS spectrum to an
absorbed power-law model with independent normalizations. The upper panel
presents the XMM-Newton (black) and NuSTAR (red) spectral data points
(crosses) along with the best-fit model (solid lines) given in Table 2. The lower
panel shows the fit residuals in units of sigma.
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spectrum to an absorbed power-law model with independent normalizations
The upper panel presents the Chandra (black), XMM-Newton (blue), and
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Figure 8. Comparison of the NuSTAR (top) and Chandra (bottom) pulse
profiles of the 2.32ms pulsar PSRJ0218+4232. The NuSTAR3–25 keV data
are corrected for timing inaccuracies, as described in Section 2.2, and Chandra
HRC-S data were obtained in fast timing mode. The background level is
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cycles are shown for clarity.

Figure 9. Phase-resolved NuSTAR spectrum of PSR J0218+4232 fitted
simultaneously with the phase-averaged XMM-Newton MOS spectrum to an
absorbed power-law model with independent normalizations. The upper panel
presents the XMM-Newton (black) and NuSTAR (red) spectral data points
(crosses) along with the best-fit model (solid lines) given in Table 2. The lower
panel shows the fit residuals in units of sigma.

9

The Astrophysical Journal, 845:159 (12pp), 2017 August 20 Gotthelf & Bogdanov

5. MSP Spectral Energy Distribution

Using the improved constraints on the hard portion of the
X-ray spectra for the three MSPs, we can re-examine the SEDs
of these objects ranging from soft X-rays to GeV gamma-rays

by combining our X-ray results with archival spectra in the
0.1–100GeV band obtained with the Fermi-LAT. Generally,
the γ-ray spectra of MSPs are well fit by a power-law model
with an exponential cutoff, which is typical of rotation-powered
pulsars.
Johnson et al. (2013) reported the detection of γ-ray pulsations

from PSRB1821-24 at a level of 5.4σ in Fermi-LAT data.

Figure 6. Comparison of the NuSTAR (top) and XMM-Newton (bottom) pulse
profiles of the 1.55ms pulsar PSRB1937+21. The NuSTAR3–25 keV data
are corrected for timing inaccuracies, as described in Section 2.2, and XMM-
Newton EPIC-pn data were obtained in fast timing mode. The background level
is indicated by dashed line. These profiles contain 100 and 60 phase bins for the
NuSTAR and XMM-Newton data, respectively. Phase zero is arbitrarily aligned
so that the main pulse peak falls on 0.5G � . Two cycles are shown for clarity.

Figure 7. Phase-resolved NuSTAR spectrum of PSR B1937+21 fitted
simultaneously with the phase-averaged Chandra and XMM-Newton MOS
spectrum to an absorbed power-law model with independent normalizations
The upper panel presents the Chandra (black), XMM-Newton (blue), and
NuSTAR (red) spectral data points (crosses) along with the best-fit model (solid
lines) given in Table 2. The lower panel shows the fit residuals in units of
sigma.

Figure 8. Comparison of the NuSTAR (top) and Chandra (bottom) pulse
profiles of the 2.32ms pulsar PSRJ0218+4232. The NuSTAR3–25 keV data
are corrected for timing inaccuracies, as described in Section 2.2, and Chandra
HRC-S data were obtained in fast timing mode. The background level is
indicated by the dashed line. These profiles contain 20 phase bins and phase
zero is arbitrarily aligned so that the main pulse peak falls on 0.5G � . Two
cycles are shown for clarity.

Figure 9. Phase-resolved NuSTAR spectrum of PSR J0218+4232 fitted
simultaneously with the phase-averaged XMM-Newton MOS spectrum to an
absorbed power-law model with independent normalizations. The upper panel
presents the XMM-Newton (black) and NuSTAR (red) spectral data points
(crosses) along with the best-fit model (solid lines) given in Table 2. The lower
panel shows the fit residuals in units of sigma.

9

The Astrophysical Journal, 845:159 (12pp), 2017 August 20 Gotthelf & Bogdanov

XMM 20th Highlights: The MSP



XMM Observations of
CCO Anti-magnetars

CCO Pulsar SNR XMM (ks)
1E 1207.4-5209 PKS 1209-51/52 974
PSR J0821-4300 Puppis A 806
PSR J1852+0040 Kes 79 525

3 Total: 2,305



Central Compact Objects in Supernova Remnants
– 3 –

Table 1: Central Compact Objects in Supernova Remnants
CCO SNR Age d P fp

a Bs Lx,bol

(kyr) (kpc) (ms) (%) (1010 G) (erg s�1)
RX J0822.0�4300 Puppis A 4.5 2.2 112 11 2.9 5.6⇥ 1033

1E 1207.4�5209 PKS 1209�51/52 7 2.2 424 9 9.8 2.5⇥ 1033

CXOU J185238.6+004020 Kes 79 7 7 105 64 3.1 5.3⇥ 1033

CXOU J085201.4�461753 G266.1�1.2 1 1 . . . < 7 . . . 2.5⇥ 1032

CXOU J160103.1�513353 G330.2+1.0 ⇠> 3 5 . . . < 40 . . . 1.5⇥ 1033

1WGA J1713.4�3949 G347.3�0.5 1.6 1.3 . . . < 7 . . . ⇠ 1⇥ 1033

XMMU J172054.5�372652 G350.1�0.3 0.9 4.5 . . . . . . . . . 3.9⇥ 1033

CXOU J232327.9+584842 Cas A 0.33 3.4 . . . < 12 . . . 4.7⇥ 1033

2XMMi J115836.1�623516 G296.8�0.3 10 9.6 . . . . . . . . . 1.1⇥ 1033

XMMU J173203.3�344518 G353.6�0.7 ⇠ 27 3.2 . . . < 9 . . . 1.3⇥ 1034

CXOU J181852.0�150213 G15.9+0.2 1� 3 (8.5) . . . . . . . . . ⇠ 1⇥ 1033

Note — Above the line are eight well-established CCOs. Below the line are three candidates. Upper
limits on pulsed fraction are for a search down to P = 12 ms or smaller.

spectra of CCOs and the quiescent magnetars are not very di↵erent (e.g., Halpern & Gotthelf
2005). It is di�cult to distinguish the two without timing data or evidence about variability
(Halpern & Gotthelf 2010b). Thus, it is tempting to hypothesize that the same magnetic field
decay that is thought to be responsible for localized crustal heating in a magnetar can be operating
in CCOs. However, in the case of CCOs, such B-fields would need to have the same 1014 � 1015 G
strengths as in magnetars to account for continuous X-ray luminosities of 1033�1034 erg s�1, while
having insignificant dipole moments that do not contribute to spin-down.

In this ADAP we propose to explore this essential mystery, i.e., how CCOs acquire an appar-
ently small, heated surface spots and how this relates to the magnetic structure of neutron stars.
We will model the phase-dependent spectra of CCOs to derive their surface emission and geome-
try, incorporating new theoretical results on the magnetic field structure of NSs. This will allow
us to infer possible field topologies by comparing their temperature distribution with magneto-
thermal simulations that suggest that magnetar strength magnetic fields might lie buried in CCOs.
Probing the internal and external magnetic fields will provide important insight into the emission
mechanism(s) and evolution of young neutron stars. Having successfully measured the spin-down
rates for all three CCO pulsars, we are now in a position to address these questions using over
1.5 million seconds of X-ray data available in the archive, much the result of our multi-year CCO
timing campaigns. This ADAP seeks funding to fully utilize these data sets, to expand on our
success modeling Transient Anomalous Pulsar AXP J1810�197 (Perna & Gotthelf 2008) and CCO
PSR J0821�4300 (Gotthelf, Perna, Halpern 2010).

2. Hidden Magnetic Fields of Central Compact Objects

While the X-ray luminosities of CCOs are consistent with minimum NS cooling scenarios (Page

Three CCOs are pulsars (Anti-magnetars) 
Two discovered by XMM, and one correctly timed by XMM.
Defines a new class of NSs - likely explains properties of the other CCOs.
Deep XMM searches of the others - Uniform surface? Unfavorable beaming?

XMM 20th Highlights: The CCO Pulsars



Evidence for a Binary Companion to the Central Compact Object 1E 1207.4−5209 3

Table 1 XMM-Newton observation log for 1E 1207.4−5209.

# ObsID Date Central epoch Span PN Exp.a rb Countsc max Z2
1

(MJD) (ks) (ks) (arcsec)
1 0304531501 2005 Jun 22 53543.600542 15.1 10.6 35 13,233 41.1
2 0304531601 2005 Jul 05 53556.141927 18.2 12.7 35 12,858 37.0
3 0304531701 2005 Jul 10 53561.404084 20.5 14.3 20 17,651 43.1
4 0304531801 2005 Jul 11 53562.456311 63.4 44.4 35 56,804 120.4
5 0304531901 2005 Jul 12 53563.335586 9.6 6.7 20 8,559 19.1
6 0304532001 2005 Jul 17 53568.112822 16.5 11.5 35 14,696 81.2
7 0304532101 2005 Jul 31 53582.691485 17.7 12.4 20 15,524 26.5

Sum .... .... 161.0 112.6 .... 139,325 ....

a Effective source exposure times after filtering. See text for details.
b Source extraction radius used for event selection.
c Number of counts used for timing analysis.

measurement as follows. We split the observation into 4
segments and folded these segments on the measured fre-
quency to generate pulse profiles for each segment. Next,
we cross-correlated each pulse profile with a high signal-
to-noise pulse template and measured phase offsets. The
pulse template is first derived from the central observa-
tion folded at the initial frequency. The phase offsets for
the 4 segments were fitted to a straight line and the slope
of this line was added to the initial frequency to produce
our refined frequency. The short gaps between the cen-
tral exposure and the adjacent exposures were expected
to preserve the phase information, i.e. the propagated
phase error (e.g., between the 4-th and 5-th observations,
δφ = δν (t5 − t4)) was expected to be " 1 cycle, which
would mean that no pulse cycles are missed in the phase
model. As one incorporates more and more data over
a wider time span, the precision of the phase model im-
proves, and one can tolerate larger gaps between observa-
tions. Note that the template pulse profile is updated as
more data are included until the full data set is utilized.
By the time we incorporated the measured phases from
the first and final observations into our fit, it became
clear that the phase offsets did not conform to a simple
linear trend, and a quadratic term (∝ ν̇) was added to
the phase model, φ(t) = φ(t0) + ν(t − t0) + 1

2
ν̇(t − t0)2.

However, even the inclusion of the quadratic term did
not reduce the variance of the phase residuals to the
point where we obtained an acceptable fit (χ2 = 19.2 for
8 degrees of freedom; see Fig. 1).

The poor fit to the quadratic phase model indicated
that we either converged on an alias solution or 1E1207
exhibits significant “phase noise”1 on a time scale of
weeks. An alias timing solution would be when there
are an incorrect number of cycle counts between consec-
utive observations. Phase noise can be characterized in
many ways such as the presence of a strong cubic term

1 In this context, we refer to phase noise simply as devia-
tions from our simple quadratic phase model beyond statisti-
cal errors. Note that an alternative definition of phase noise
has specific meaning in the context of pulsar timing noise
(e.g. Cordes & Helfand 1980).

Fig. 1 Pulse phase residuals from XMM-Newton observa-
tions of 1E1207 during the 2005 observing campaign for
model MOD1 (Table 2). Top: Phase residuals minus a lin-
ear trend. Bottom: Phase residuals minus a quadratic trend.
Note that the central (longest) observation is split into four
segments of equal spans.

(∝ ν̈), white noise, periodic variations, etc. To ensure
that the poor χ2 value in the solution we found is not the
consequence of misidentified cycle counts, we employed
a technique used for timing noisy rotators such as Soft
Gamma Repeaters (Woods et al. 2006). In this technique,
we measure the pulse phase and frequency at each of the
7 observing epochs. The phase for each observation was
measured by folding the data from each observation on a
pulse ephemeris of constant frequency determined by the
central observation and computing the phase difference
between this profile and a template pulse profile. The
pulse frequencies for the short observations were mea-
sured by splitting the data into two segments of equal
duration, folding each segment on the pulse frequency
measured for the central observation, measuring phase

Woods et al. 2007
Binary solution

Pavlov et al 2002: Ṗ = (0.7-3)x10-14

Mereghetti et al. 2002: Ṗ = (1.98±0.83)x10-14

De Luca et al. 2004; Ṗ = (1.4±0.3)x10-14 

• 424 ms pulsar in PKS 
1209-52 (Zavin et al. 2000),

• 5 yr X-ray timing data 

• Analyzed by 4 different 
groups, 7 major papers,

• Contradictory reports of large 
amplitude glitches, spin-up, 
and spin-down?

• B-field incompatible with 
spectral results, too large,

• Unlike any other pulsar and 
difficult to explain!

A Mystery: 1E 1207.4-5209 Timing Results

kT1,2 ~ 0.21, 0.40 keV

Bignami et al. 2003
Sanwal et al. 2002

ḟ ¼ "1:0 ; 10"12 s"2. Because of the large time gap, Tgap ¼
529:1 ks, the phase coherence between the two data sets was
lost, which resulted in a number of peaks (frequency aliases) in
the frequency dependences of O and Z2

1 , separated by #1.4–
1.5 !Hz. The three most significant peaks (we denote them
as A, B, and C) are seen in the probability density distri-
bution p( f ) in the bottom panel of Figure 1. The mean and
median parameters as estimated from the multipeak two-
dimensional distribution are f̄ ch3 ¼ 63:37 $ 0:74 !Hz, ¯̇f ch3 ¼
("3:0 $ 2:1) ; 10"12 s"2, and f ch3 ¼ 63:58("0:10;þ0:07;
"1:37;þ0:42) !Hz, ḟ ch3 ¼ "3:5("1:6;þ2:5;"2:7;þ3:9) ;
10"12 s"2. Considering ( f ; ḟ ) domains around the peaks A,
B, and C separately results in the mean and median fre-
quencies f̄A ¼ 62:10 $ 0:05 !Hz, f̄B ¼ 63:59 $ 0:05 !Hz,
f̄C ¼ 64:96 $ 0:07 !Hz,

fA ¼ 62:09("0:03;þ0:04;"0:08;þ0:10) !Hz;

fB ¼ 63:60("0:06;þ0:04;"0:16;þ0:11) !Hz;

fC ¼ 65:02("0:06;þ0:09;"0:12;þ0:17) !Hz; ð2Þ

and frequency derivatives ¯̇fA;"12 ¼ "1:6 $ 1:4, ¯̇fB;"12 ¼
"3:6 $ 1:8, ¯̇fC;"12 ¼ þ0:4 $ 1:6,

ḟA;"12 ¼" 1:4("1:2;þ0:9;"2:0;þ1:7);

ḟB;"12 ¼" 3:8("1:2;þ1:6;"1:8;þ2:6);

ḟC;"12 ¼þ0:5("1:5;þ1:1;"2:5;þ1:7); ð3Þ

where ḟ"12 ¼ ḟ =(10"12 s"2). The relative contributions of the
peaks A, B, and C to the probability distribution (i.e., the
probabilities that the true frequency and its derivative are as-
sociated with a given peak) are PA ¼ 0:207, PB ¼ 0:734, and
PC ¼ 0:059. Therefore, although the parameters related to
peak B are more probable, none of the other two parameter
sets can be ruled out on statistical grounds.

The probability distribution of the frequency difference
between 2003 June and 2002 August, plotted in the lower
panel of Figure 2, also has three discernible peaks. The mean
frequency shift in the 10 month period is only !̄ ¼ þ0:06 $
0:61 !Hz; the median frequency difference is ! ¼ þ0:09
("0.12, +0.10; "1.46, +0.14) !Hz. If we assume that peak A
(or B, or C) corresponds to the true frequency in 2003
June, then the shifts are !̄A ¼ "1:36 $ 0:10 !Hz and !A ¼
"1:37 ("0.07, +0.09; "0.10, +0.16) !Hz, or !̄B ¼ þ0:10 $
0:07 !Hz and!B ¼ þ0:11 ("0.05, +0.07;"0.09, +0.12) !Hz,
or !̄C ¼ þ1:47 $ 0:09 !Hz and !C ¼ þ1:48 ("0.08, +0.07;
"0.14, +0.18) !Hz. Assuming a linear time dependence of
frequency during this period (2:7 ;107 s), we can con-
strain the frequency derivative, "5:5 ; 10"14 < ḟ < þ6:0 ;
10"14 s"2, at a 90% confidence level.

3. DISCUSSION

It is easy to check that the time dependence of the pul-
sation frequency in the 3.45 yr interval cannot be satisfac-
torily fitted by a straight line, f (t) ¼ f0 þ ḟ (t " t0), for any of
the three possible frequency values obtained in the third
Chandra observation. The best fit, with f0 ¼ 68:0 !Hz, ḟ ¼
"5:2 ;10"14 s"2 (t0 ¼ 51; 500:0 MJD), is obtained assum-
ing that the correct frequency in 2003 June is given by peak A
(see the dotted line in Fig. 3); the fit corresponds to "2

min ¼
22:6 (for 3 degrees of freedom) and can be rejected at a 4.1 #
level (if one assumes the frequency of peak B for the third

Chandra observation, then the rejection level is 5.6 #). This
means that 1E1207 is not spinning down steadily, as most
radio pulsars do. We discuss possible explanations below.

3.1. A Glitching Pulsar?

Some radio pulsars and anomalous X-ray pulsars (AXPs)
occasionally show sudden increases in pulsation frequency,
commonly known as ‘‘glitches,’’ with various patterns of post-
glitch behavior (e.g., Lyne, Shemar, & Graham-Smith 2000;
Gavriil & Kaspi 2002). The relative frequency jumps, !f =f ,
vary from (10"9 to (10"5 in different pulsars. Obviously, the
nonmonotonous behavior of f (t), inferred from the above-
described timing of 1E1207, could suggest that the pulsar
experienced a number of glitches during the 3.45 yr time span.
Assuming the glitches are not associated with a substantial
change of frequency derivative ḟ , at least two glitches are re-
quired, between 2002 January and August (212 day interval),
and between 2002 August and 2003 June (313 day interval).
The values of the frequency jumps depend on the value of ḟ
assumed, which in turn depends on the cumulative fre-
quency change in glitches that might occur in the 716 days
interval between 2000 January and 2001 December. For
instance, if there were no glitches in that interval, then ḟ ’
"1:6 ; 10"13 s"2, and two frequency jumps, of ~7 and
5 !Hz, are required to fit the data (the latter value assumes
that the correct frequency in 2003 June 10–19 is given by
the central peak B of the probability distribution; see Fig. 3).
The larger of these jumps (!f =f ( 3 ; 10"6) is similar
to the strong glitches observed in the Vela pulsar (Dodson,
McCulloch, & Lewis 2002) and the AXP 1E 2259+586
(Kaspi et al. 2003), and it is a factor of 5 smaller than the
giant glitch recently observed in PSR J1806"2125 (Hobbs
et al. 2002).

Given that at least two glitches are required in the 525 day
interval, it seems reasonable to assume that the pulsar was also
glitching in the 717 day interval between the first two obser-
vations, which would correspond to a larger j ḟ j and stronger
glitches. For instance, if the cumulative frequency increase
due to glitches was 30 !Hz in 717 days, then ḟ ’ "6:6 ;
10"13 s"2, and the two frequency jumps (in 525 days after

Fig. 3.—Possible glitching scenario to explain the observed variations of
the pulsation frequency (median frequencies with their 68% uncertainties are
plotted). The diamonds and triangles indicate the Chandra and XMM-Newton
observations, respectively. The points A, B, and C are three timing solutions
for the 2003 June observation (see Fig. 1). The solid line corresponds to
ḟ ¼ "1:6 ; 10"13 s"2 between the glitches, and it assumes that the correct
frequency in 2003 June is given by point B. The dots show the best straight-
line fit with ḟ ¼ "5:2 ; 10"14 s"2, assuming that the correct frequency in
2003 June is given by point A.
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Fig. 4 Candidate orbital solutions for 1E1207 consistent with our
MOD2 (top) timing solution and MOD1 (bottom) timing solution

most plausible explanation for the erratic long-term pulse
frequency evolution of 1E1207 is the presence of a binary
companion, although the current data do not allow us to
place strong constraints on system parameters. Further ef-
forts at phase-coherent pulse timing observations of 1E1207
are required to (i) unambiguously identify the nature of the
long-term pulse frequency variations, and (ii) confirm and
further investigate the observed short-term phase noise. Just
one additional 40-day observing sequence with higher sam-
pling would yield far better constraints on orbital parameters
should 1E1207, in fact, possess a binary companion.
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Precise Timing of the X-ray Pulsar 1E 1207.4-5209: A Steady 
Neutron Star Weakly Magnetized at Birth

Gotthelf & Halpern (2007)

After correcting for XMM time jumps — no measurable spin-down in 5 yrs ! 

Ṗ = (6.6±9.0)x10-17 Ṗ = (2.234±0.009)x10-17 

+ 1993 ROSAT

XMM 20th Highlights: The CCO Pulsars



Gotthelf, Halpern & Seward (2005)

Discovery of a 105 ms X-Ray Pulsar in Kesteven 79: On the Nature of 
Compact Central Objects in Supernova Remnants 

The two observations of PSR J1852+0040 also allow us to
place an upper limit on its radial acceleration over 6 days cor-
responding to !vr < 0:32 km s!1. Finally, we looked for ac-
celeration on 1–8 hr timescales by cross-correlating the pulse
profiles obtained from subsections of the time series with a tem-
plate profile constructed from all the data. For the first obser-
vation, we derive an upper limit of ax sin i < 0:01 lt-s, less than
those found for the AXPs (Mereghetti et al. 1998). The data from
the second observation are somewhat less constraining. These
limits exclude a main-sequence companion filling its Roche lobe
for inclination angles i > 10", the latter having 98.5% a priori
probability.

Previous searches for pulsations from the direction of Kes 79
were inconclusive. A recent observation at 1.4 GHz using the
Parkes radio telescope places an upper limit on a coherent signal
of L1400P 3 mJy kpc2, comparable to many faint pulsars but
10 times higher than that of the faintest detected (F. Camilo et al.
2005, in preparation). We also tested archival X-ray data, in
particular a relatively long (25 ks), continuous Röntgensatellit
(ROSAT ) PSPC observation obtained on 1991 September 28.
Given the background rates at the pulsar position, even if PSR
J1852+0040 were 100% pulsed, the effective pulsed fraction
in the ROSAT observation would be no greater than fp # 27%.
However, the data are not sensitive enough to reveal it. Similarly,
in two available Advanced Satellite for Cosmology and Astro-
physics (ASCA) observations, one a dedicated 37 ks observation
of Kes 79, and the other a short (9 ks) Galactic ridge survey field

observation, the expected pulsar signal is masked by SNR emis-
sion because of the 10 mirror resolution.

4. SPECTRAL ANALYSIS

Source and background spectra from each data set were ac-
cumulated in apertures described in x 2. For each observation,
data from the two EPIC MOS cameras (MOS1+MOS2) were
combined and analyzed as a single data set. After verifying that
there were no emission-line features detectable, all spectra were
grouped into bins containing a minimum of 40 counts (including
background). EPICpn and EPICMOS spectra pairs from each ob-
servation were fitted simultaneously using the XSPEC package,
with the normalization for each data free to vary independently.
This allowed for differences in the overall flux calibration, appar-
ent at theP10% level. Some instrumental variation is possibly due
to the effects of the distinct pixel size and mirror point-spread
function on measuring the diffuse SNR emission over the source
and background regions.
The results of these fits using either an absorbed power-law

or blackbody model are presented in Table 2. An acceptable !2

statistic is obtained using either model, for each epoch and for
the combined data. However, the blackbody model is preferred
over the power-law model based on its derived column density
of NH ¼ (1:5 % 0:2) ; 1022 cm!2, which is consistent with that
found for the remnant (NH # 1:6 ;1022 cm!2; Sun et al. 2004).
The fitted column density for the power-law model, NH ¼
3:4þ0:6

!0:5 ;10
22 cm!2, is significantly larger than the integrated

TABLE 1

XMM-Newton Timing Results for PSR J1852+0040

Epoch

(MJD TDB)

Duration

(s)

Backgrounda

(s!1)

Sourceb

(s!1)

Periodc

(s)

fp
d

(%)

53,296.00135994............. 30,587 0.030 (1) 0.041 (2) 0.10491264 (4) 86 (16)

53,301.98462573............. 30,515 0.029 (1) 0.046 (2) 0.10491261 (5) 61 (16)

a Background rate obtained using a r ¼ 0A25 aperture placed just southeast of the source region (see x 2) and
corrected for dead time. Statistical (

ffiffiffiffi
N

p
) uncertainty in the last digit is given in parentheses.

b Background- and dead time–corrected count rate for a r ¼ 0A25 aperture. Statistical (
ffiffiffiffi
N

p
) uncertainty in the last

digit is given in parentheses.
c Period derived from a Z 2

1 test. Period uncertainty is 95% confidence computed by the Monte Carlo method
described in Gotthelf et al. (1999).

d Pulsed fraction defined as fp ' N (pulsed)/N (total).

Fig. 2.—Discovery of PSR J1852+0040 in Kes 79 using XMM-Newton EPIC pn data acquired on 2004 October 18 (left) and October 23 (right). A highly
significant signal is found in 1–5 keV photons extracted from a 3000 diameter aperture at the location of CXOU J185238.6+004020. The detection threshold for a
blind search of a 223 element FFT is indicated. Inset: Folded light curve of PSR J1852+0040. The background level is indicated by the dashed line.

GOTTHELF, HALPERN, & SEWARD392 Vol. 627

• Central source in Kes 79 resolved by Chandra  (Seward et al. 2003)
• Location, spectrum, and flux, etc... consistent with a CCO
• Steady flux, deep radio and optical limits

2004 - 2007 XMM Observations:

No measurable change in period in 3 yrs. 

Weak inferred B-field, but highly modulated,

Again, unprecedented for a young PSR!

A second CCO pulsar, P = 105 ms, detected with XMM

XMM 20th Highlights: The CCO Pulsars



Discovery of a 112 ms X-Ray Pulsar in Puppis A: Further 
Evidence of Neutron Stars Weakly Magnetized at Birth 

Gotthelf & Halpern (2007)

PSR J0821–4300: The remarkable phase-shifting 112 ms CCO pulsar 

Found in 6 yr old archival XMM data, previously searched.
Two observations separated by 6 month,

Required trial energy & aperture cuts & comparing marginal signal between observations 

L36 GOTTHELF & HALPERN Vol. 695

Figure 1. Discovery of PSR J0821−4300 in Puppis A using XMM-Newton EPIC pn data acquired on 2001 April 15 (left) and November 8 (right). The power spectrum
of 1.5–4.5 keV photons is extracted from a 30′′ radius aperture at the location of RX J0822−4300. The detection threshold for a blind search for a period P > 12 ms
is indicated. Inset: background-subtracted pulse profiles of PSR J0821−4300 in two energy bands illustrating the phase shift between the two; the soft photons are
extracted from a 18′′ radius aperture to minimize the SNR background contamination.

Table 1
XMM-Newton Timing Results for PSR J0821−4300

Epoch Duration Backgrounda Sourceb Periodc fpd

(MJD) (s) (s−1) (s−1) (s) (%)

52,014.325 22,637 0.079(2) 0.482(5) 0.112799416(51) 11(1)
52,221.765 22,511 0.097(2) 0.490(5) 0.112799437(40) 11(1)

Notes. Statistical uncertainty in the last digit is given in parentheses.
a EPIC pn 1.5–4.5 keV background rate in the source aperture, derived from a
0.′5 ! r < 0.′8 annular aperture.
b EPIC pn 1.5–4.5 keV background subtracted source count rate in a r = 0.′5
aperture.
c Period derived from a Z2

1 test. Uncertainty is 1σ , computed by the Monte
Carlo method described in Gotthelf et al. (1999).
d Observed pulsed fraction, defined as fp ≡ N (pulsed)/N (total), after subtract-
ing background.

2.1. Timing Analysis

To search for a pulsed signal, arrival times of photons were
initially extracted in the energy band 1.5–4.5 keV under the
hypothesis that hard X-rays coming from a smaller area might
be more strongly pulsed than soft X-rays from the full stel-
lar surface. A 223-bin fast Fourier transform was used. The
most significant signal detected was P = 112 ms in both EPIC
pn data sets, with no higher harmonics. We constructed a pe-
riodogram centered on this signal using the Z2

1 (Rayleigh)
test (Buccheri et al. 1983) and localized the pulsed emis-
sion with a peak statistic of Z2

1 = 48.94 and Z2
1 = 50.20

for the 2001 April and November observations, respectively.
These statistics correspond to 99.991% and 99.995% confi-
dence, respectively, after allowing for the number of indepen-
dent trials (2∆Tspan/Pmin) in a blind search for Pmin > 12 ms,
the Nyquist limit. The timing results are summarized in
Table 1.

The periods derived from the Z2
1 test are statistically identical.

The periodogram derived from each data set is shown in Figure 1
along with the pulse profile folded at the best period. With
a single coherent fold using both data sets, a total power
of Z2

1 = 95.98 is recovered without the need for a period
derivative. This corresponds to a negligible probability of chance
occurrence. The formal result is Ṗ = (1.2 ± 3.6) × 10−15 s s−1.
The uncertainty is 1σ and is computed by propagating the
uncertainties on the individual period measurements. From the

2σ upper limit of Ṗ < 8.3 × 10−15 s s−1 we constrain the
spin-down power of PSR J0821−4300 to Ė ≡ 4π2I Ṗ /P 3 <
2.3 × 1035 erg s−1, the surface dipole magnetic field strength to
Bs = 3.2 × 1019

√
P Ṗ < 9.8 × 1011 G, and the characteristic

age to τc ≡ P/2Ṗ > 220 kyr.
The background-subtracted pulsed fraction is 11% ± 1%

for both observations. The pulsed fraction is defined here as
fp ≡ N (pulsed)/N(total), where we choose the minimum
of the folded light curves as the unpulsed level. The pulse
shape is evidently unchanged between observations, suggesting
a stable underlying emission process. No other significant
signal is detected in either data set. In particular, we examined
the two weaker candidate signals reported by Hui & Becker
(2006a) from these observations. Although we see these peaks,
neither is statistically significant or repeatable between the two
observations. We also analyzed all archival X-ray data sets
that might yield detections of PSR J0821−4300 and further
constrain its timing parameters, but none proved sensitive
enough.

A search for the signal in the softer energy band reveals that
the pulse is indeed present below 1.0 keV, but shifted in phase
by half a cycle relative to the hard pulse. Figure 2 shows that the
phase shift is remarkably abrupt, with a half cycle step (∆φ =
0.5) at an energy of 1.1–1.2 keV. The location of the shift is un-
resolved to better than ∼0.25 keV, limited by the counting statis-
tics and the EPIC pn energy resolution of ∼0.1 keV at 1 keV.
This shift effectively cancels the signal in a full-spectrum search.

2.2. Phase-Resolved Spectroscopy

Hui & Becker (2006a) performed a comprehensive spectral
analysis of the XMM-Newton data on RX J0822−4300, showing
that a two-component fit is necessary. They preferred a double
blackbody model, which is also compatible with our expectation
that surface thermal emission dominates over any other source
of X-rays from CCOs. We can investigate the cause of the
phase shift in the pulse profiles by examining pulse phase-
resolved spectra and searching for features that may be phase
dependent. In particular, we extracted two spectra, one in
the phase band centered on the pulse peak found in the
harder energy band (φ = 0.5), as shown in Figure 1, and
the other centered on the phase band found for the softer
emission (φ = 0.0). Each spectrum covers a phase interval

XMM

– 8 –

Fig. 3.— Phase-resolved XMM-Newton observations of
PSR J0821�4300 in Puppis A, each fitted to the two-
blackbody model, using all currently available data. The
two spectra correspond to two phase regions, 0.4 cycles
wide, one centered on the pulse peak found in the softer
energy band(SOFT) and the other centered on the peak
found in the harder energy band (HARD). Only the “soft
phase” of the pulse (blue) requires a spectral feature around
0.8 keV to achieve an acceptable fit. Residuals to the best
fit combined model is shown in the lower panel (from Got-
thelf et al. 2013).

Fig. 4.— Emission geometry on the surface
of the NS for the antipolar model: a hot spot
of temperature Th and angular size �h and an
antipodal spot of temperature Tw and angu-
lar size �w. As the NS rotates with angular
velocity ⌦, the angle ↵(t) is a function of the
phase angle �(t) = ⌦t, the angle ⇠ between
spin axis and hot spot axis, and the angle  
between spin axis and line-of-sight (from Got-
thelf, Perna, Halpern 2010).

that are both always in view (Figure 4, right). To explain the ⇠ 180� phase shift and the small
modulation, the line between the hot spots must be nearly perpendicular to the viewing direction,
which is mis-aligned with the spin axis. Although this model, summaries below, has great promise
for dissecting the surface emission geometry of a NS, exactly how hot such spots are generated on
a weakly magnetized neutron star remains the essential mystery of CCOs.

4. Case Study: An Antipodal Model for PSR J0821�4300

Inspired by the discovery of an 180� phase-shift and energy dependent modulation in the X-ray
lightcurve of PSR J0821�4300 (Gotthelf & Halpern 2009), we have devised a model to describe
time varying emission from the surface of a rotating neutron star (Gotthelf, Perna, Halpern 2010).
Spectral-temporal fitting of this initial data allowed us to explore the range of all possible viewing
and hot-spot geometry pairs, to compare with the observational data, and predict the pulse fraction
as a function of energy. Our basic model for the emission from spots on the surface of a NS,
initially applied to Transient AXP J1810�197 (Perna & Gotthelf 2008), follows the derivation
given by Pechenick et al. (1983), with some generalizations introduced by Perna & Gotthelf (2008).
The radiation comes from a hot spot of blackbody temperature Th and angular radius �h, and an
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An#podal	Model:	A	Numerical	Simula#on	
(Go6helf,	Perna,	&	Halpern	2010)

Two antipodal emission spots of size βh,w and BB Temp. Th,w 

XSPEC model spectral fits, assumed NH, Distance, NS Radius

Find (ξ,ψ) that can reproduce modulation and phase reversal of 
energy-dependent pulse profile in three interesting energy bands.
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Interes#ng	structure	-	offset		dipole?	
anisotropic	temp	distribu#on?

Sufficient	photons	to	fully	resolve	
modula#ons	vs.	energy
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Current,	800	ks	of	XMM	data	

will rise vertically in the P � Ṗ diagram, due to the increased spin-down rate, to join the population of ordi-
nary pulsars. Such a scenario addresses the conspicuous absence of CCO descendants that should otherwise
remain in the same region of (P, Ṗ ) space forever if their magnetic fields do not change (see Gotthelf et al.
2013b and refs. therein). It also has the advantage of not requiring yet another class of NS to exist that
would only exacerbate the apparent excess of pulsars with respect to the Galactic core-collapse supernova
rate (Keane & Kramer 2008). Magnetic field growth has long been considered a reason why measured pulsar
braking indices are all less than the dipole value of 3. In this picture, almost any radio pulsar might be a
former CCO.

Figure 3: Timing residuals from the lat-
est (2014-2015) phase-connected ephemeris of
PSR J0821�4300 that finally allows us to
bridge the 8 yr gap back to the discovery obser-
vations. Note the significant unmodeled RMS
variance (�2

⌫ ⇡ 7), a signature of accretion.

Of particular interest is our new timing results using the lat-
est (2014 - 2015) observations of PSR J0821�4300 that reduce
the timing uncertainties su�ciently to bridge the 8 year gap
back to the discovery observations. This 15 yr phase-connected
timing solution, shown in Figure 3, allows for the addition of
a significant f̈ = (�2.0 ± 0.3 ⇥ 10�26) term consistent with
a rapid increase in the dipole B-field, on ⇠ 100 yr timescale,
much faster than expected. If this proves real, suggesting rapid
B-field breakout, this could provide the missing link connecting
young CCO descendents with the older, radio pulsar popula-
tion. However it will require long-term monitoring to rule out
ubiquitous pulsar timing noise masquerading as a true f̈ term.

The new timing solution also shows evidence of significant
unmodeled RMS variance (�2

⌫ ⇡ 7) in the phase residuals,
a possible signature of accretion. Halpern et al. (2007) and
Halpern & Gotthelf (2010) considered what constraints the X-
ray luminosity and timing place on an accretion model for
CCOs. The spin parameters of PSR J0821�4300 fall in a
regime where both dipole braking and accretion disk torques
are conceivably significant. If Bs is as small as 1010 G, accretion at a rate Ṁ � 1013 g s�1 can penetrate
the light cylinder to the magnetospheric radius. If so, the system is in the propeller regime, in which matter
flung out takes angular momentum from the NS, causing it to spin down. The propeller spin-down rate is,

ḟ ⇡ �1.8⇥ 10�14 µ8/7
28 Ṁ3/7
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Here, I is the NS moment of inertia and µ = Bs R3
NS. In this model Ṁ is the rate of mass expelled, which

must be > ṁ, the accretion rate onto the NS. In particular, ṁ must be < 3⇥ 1013 g s�1 so as not to exceed
the X-ray luminosity of PSR J0821�4300, ⇡ 5.6⇥ 1033 erg s�1. This is a very small accretion rate that is
not yet ruled out by optical upper limits on accretion disk luminosity.

We note here that the disposition of material leaving the inner edge of the accretion disk in the propeller
regime is not well understood, and many authors, e.g., Rappaport et al. (2004), consider that accretion
onto the NS can proceed even in the propeller regime, with ṁ < Ṁ . We allow for that point of view here.
To achieve the full accretion regime, where ṁ ⌘ Ṁ , the surface magnetic field strength would have to be
Bs < 4⇥ 108 G (µ28 < 0.04) so the disk can penetrate inside the corotation radius.

Whether low-level accretion can continue for ⇡ 5000 yr, the age of Puppis A, is another question. Some
readers have commented that the large kick velocity of PSR J0821�4300 (vt ⇡ 650 km s�1; Becker et al.
2012, Gotthelf et al. 2013) would inhibit accretion, but that objection assumes the velocity is relative to a
stationary medium. In fact, the homologous expansion of the SN envelope means that the NS will be moving
in tandem with some of the ejecta, i.e., with no relative velocity, so it can easily accrete from comoving
material. The NS may even have acquired an accretion disk from the SN ejecta.

The goal in this proposal is to address the origin of the spectral feature and its variability by monitoring the
spectrum and timing of PSR J0821�4300, ultimately to further our understanding of what is responsible for
the energy output of CCOs. The proposed observations, for the spectral feature, will 1) allow a determination

3
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Fig. 8.— Results of modeling the 2001
PSR J0821�4300 data: the observed energy
dependent modulation and phase shift explained.

Top: Contribution of each phase-averaged model
spectral component (red & blue curves) to the
two-blackbody model (black curve). The ra-
tio of their di↵erence to the sum gives
the pulsed fraction as a function of energy
shown below. The dotted line shows the warm
blackbody component without the Gaussian line
contribution.

Bottom: The model pulse modulation as a func-
tion of energy. The strong energy depen-
dence results from the relative contribu-
tions of (out of phase) overlapping (in en-
ergy) flux from the two spectral compo-
nents, each associated with one of the two
hot spots. The phase of the peak of the light
curve follows the dominant spectral component
at each energy, and is restricted by the symme-
try of the model to either 0 or 0.5 cycles. Where
the spectral components cross, the phase must
shift by 180� as observed (see Figure 2).

Fig. 9.— Same as for the bottom panel above,
but showing the latest pulse fraction measure-
ments (Gotthelf, Halpern & Alford 2013) ob-
tained using all available archival observa-
tions (XMM-Newton), confirming the basic an-
tipodal model predictions that were based on fit-
ting just the three energy bands. However, clear
deviations from the ideal model (Fig. 8 bottom
panel) are evident for both the energy depedent
modulation (top panel) and phase (lower panel),
which wander with energy. We will model
these deviations with more sophisticated
codes tied to the physics of the underlying
magnetic field (see Section 5 for details).

Perna et al. (2013) used state-of-the art calculations of the coupled magnetic and thermal
evolution of NSs to compute the spectra and pulse profiles expected for a variety of initial magnetic
field configurations. In particular, they contrast models with purely poloidal magnetic fields to
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To characterize the broadband spectrum of J171405
we conducted a joint fit of the contemporaneous 2016
XMM-Newton and NuSTAR data. Several trial spectral
models were fitted in the 1−10 keV and 3−65 keV range,
for the two missions, respectively. With the addition of
the harder NuSTAR spectra, we find that all single com-
ponent models are rejected, including those allowed by
previous fits to data below 10 keV, as reported in Paper
II. Similarly, of the plausible two-component models, the
two-blackbody model is also rejected due to a poor fit.
In contrast, we are able to obtain an excellent fit

to the data (Figure 6) using an absorbed blackbody
plus hard power-law model (BB+PL), with or with-
out taking into account possible Compton scattering
of the thermal emission (CBB+PL). For the latter,
we use the model described in Halpern et al. (2008),
where α ≡ − ln(τes)/ ln(A) is the log ratio of the
scattering optical depth τes over the mean amplifi-
cation A of photon energy per scattering, valid for
τes << 1 (Rybicki & Lightman 1986). The derived
column densities for these models are consistent with
the value reported for the SNR obtained using Suzaku

data (Nakamura et al. 2009). While a fit using the dou-
ble power-law model is formally acceptable, in this case
the column density is far from that obtained for the
SNR. A summary of spectral results for these models is
presented in Table 2. Assuming a distance of 9.8 kpc
(Blumer et al. 2019), the 2–50 keV X-ray luminosity of
J171405 is ≈ 5.7× 1034 erg s−1. This is comparable to
its spin-down power, Ė = 4π2IṖ /P 3 ≈ 5× 1034 erg s−1

for P = 3.83 s, Ṗ = 7 × 10−11, and moment of inertia
I = 1045 g cm2.
A further constraint on possible spectral models is

provided by the energy-dependent modulation of the
pulse profile as presented in Section 4. For the sum of
two sinusoidally varying spectral components with the
same period, but phase difference ∆φ, the net pulsed
fraction fp(E) as a function of photon energy E is pre-
dicted from their relative fluxes, F1(E) and F2(E), as
follows:

fp(E) =
f1F1(E) sin[ψ(E)] + f2F2(E) sin[ψ(E) +∆φ]

F1(E) + F2(E)
,

where f1 and f2 are the (assumed energy-independent)
pulsed fractions of the two spectral components, and

ψ(E) = tan−1





f1F1(E)
f2F2(E) + cos(∆φ)

sin(∆φ)





is the energy-dependent phase shift. Of note, the mod-
ulation tends towards a minimum at the spectral cross-

Figure 6. The broad-band X-ray spectrum of the magne-
tar J171405 in CTB 37B fitted to the absorbed Comptonized
blackbody plus power-law model. Shown is the joint fit to
the coincident 2016 XMM-Newton and NuSTAR data sets
with model normalizations allowed to be independent. Up-
per panel: The data points (crosses) are plotted along with
the best fit model (histogram) given in Table 2. Lower panel:
The best fit residuals in units of sigma.

Figure 7. Energy-dependent modulation fp(E) of J171405
computed using the 2016 NuSTAR observation. The modu-
lation data points are derived from a sinusoidal fit to the
background-subtracted pulse profiles, in overlapping loga-
rithmically spaced energy bins. The energy dependence of
the modulation and phase (solid lines) are modeled well by
the ratio of the spectral components of the Comptonized
blackbody plus power-law model (see Section 5.1), with
f1 = f2 = 0.45. The model is computed for the observed
pulse-phase offset of ∆φ = 0.43 cycles between soft and hard
X-rays (red line), and for a phase offset of ∆φ = 0.5 cy-
cles (blue line). Other spectral models are rejected because
the cross-over energies of their components do not match
the energy (6.1 keV) where the observed pulsed fraction is a
minimum.
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To characterize the broadband spectrum of J171405
we conducted a joint fit of the contemporaneous 2016
XMM-Newton and NuSTAR data. Several trial spectral
models were fitted in the 1−10 keV and 3−65 keV range,
for the two missions, respectively. With the addition of
the harder NuSTAR spectra, we find that all single com-
ponent models are rejected, including those allowed by
previous fits to data below 10 keV, as reported in Paper
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ble power-law model is formally acceptable, in this case
the column density is far from that obtained for the
SNR. A summary of spectral results for these models is
presented in Table 2. Assuming a distance of 9.8 kpc
(Blumer et al. 2019), the 2–50 keV X-ray luminosity of
J171405 is ≈ 5.7× 1034 erg s−1. This is comparable to
its spin-down power, Ė = 4π2IṖ /P 3 ≈ 5× 1034 erg s−1

for P = 3.83 s, Ṗ = 7 × 10−11, and moment of inertia
I = 1045 g cm2.
A further constraint on possible spectral models is

provided by the energy-dependent modulation of the
pulse profile as presented in Section 4. For the sum of
two sinusoidally varying spectral components with the
same period, but phase difference ∆φ, the net pulsed
fraction fp(E) as a function of photon energy E is pre-
dicted from their relative fluxes, F1(E) and F2(E), as
follows:

fp(E) =
f1F1(E) sin[ψ(E)] + f2F2(E) sin[ψ(E) +∆φ]

F1(E) + F2(E)
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Figure 6. The broad-band X-ray spectrum of the magne-
tar J171405 in CTB 37B fitted to the absorbed Comptonized
blackbody plus power-law model. Shown is the joint fit to
the coincident 2016 XMM-Newton and NuSTAR data sets
with model normalizations allowed to be independent. Up-
per panel: The data points (crosses) are plotted along with
the best fit model (histogram) given in Table 2. Lower panel:
The best fit residuals in units of sigma.

Figure 7. Energy-dependent modulation fp(E) of J171405
computed using the 2016 NuSTAR observation. The modu-
lation data points are derived from a sinusoidal fit to the
background-subtracted pulse profiles, in overlapping loga-
rithmically spaced energy bins. The energy dependence of
the modulation and phase (solid lines) are modeled well by
the ratio of the spectral components of the Comptonized
blackbody plus power-law model (see Section 5.1), with
f1 = f2 = 0.45. The model is computed for the observed
pulse-phase offset of ∆φ = 0.43 cycles between soft and hard
X-rays (red line), and for a phase offset of ∆φ = 0.5 cy-
cles (blue line). Other spectral models are rejected because
the cross-over energies of their components do not match
the energy (6.1 keV) where the observed pulsed fraction is a
minimum.

14	yrs	phase-coherent	ephemeris

Ṗ=(7.04±0.80)x10-18
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Table 2: Timing Properties of CCO Pulsars
PSR J1852+0040 PSR J0821⇤4300 PSR J1210⇤5209

SNR Kes 79 SNR Puppis A SNR PKS 1209⇤52/52
P (ms) 104.9126 112.7995 424.1307
Ṗ (⇧10�17)a 0.868± 0.009 0.704± 0.80 2.234± 0.009
Pulsed Fraction (%) 64 11 9
Ė ⌅ I⇧⇧̇ (erg s�1) 3.0⇧ 1032 1.9⇧ 1032 1.2⇧ 1031

L(bol)/Ėb 18 31 167
Bp(⇧1010 G) 3.1 2.9 9.8
⇥ ⌅ P/2Ṗ (Myr) 192 254 302
SNR age (kyr) ⇥ 7 ⇥ 4 ⇥ 7

aṖ measurement for PSR J0821⇤4300 is corrected for the Shklovski e ect.
bL(bol) is the bolometric luminosity at the nominal distance.

et al. 2004, 2007) for the ages of their SNRs, the high temperatures and small surface areas fitted
to their X-ray spectra are di>cult to understand without invoking either localized heating on the
surface or strongly anisotropic conduction. For example, the spin-down power Ė = 3.0 ⌅ 1032

erg s�1 of CCO PSR J1852+0040 is an order of magnitude smaller than its observed thermal
X-ray luminosity, Lx ⇤ 5.3 ⌅ 1033 d2

7.1 erg s�1, which argues that the latter is mostly residual
cooling. The essential mystery of PSR J1852+0040 and other CCOs is how they acquire their
small, heated surface spots. In the case of PSR J1852+0040, the spectrum is more complex than
a single blackbody. In a two blackbody model, for example, a hotter component, of temperature
kT2 = 0.52 keV, has an area of only � 2.5 d2

7.1 km2. The canonical open-field-line polar cap has
area Apc = 2�2R3/Pc ⇤ 1.1 km2, which is comparable to the area of the hot spot, but polar cap
heating by any magnetospheric accelerator must be negligible in this case, being much smaller than
the spin-down power.

As mentioned in the introduction, the X-ray spectra and luminosities of CCOs are not very
di erent from those of quiescent magnetars. For the same magnetic field decay to be responsible for
localized crustal heating in CCOs would require the same 1014 ⇥ 1015 G strengths as in magnetars
to account for continuous X-ray luminosities of 1033⇥1034 erg s�1, while having insignificant dipole
moments that do not contribute to spin-down. One such configuration would be a small “sunspot”
dipole on the rotational equator, to account for the large pulse modulation, while the rest of the
star contributes dipole Bs < 3 ⌅ 1010 G in order not to exceed the observed spin-down rate. The
conspicuous lack of X-ray variability from CCOs distinguishes them from magnetars, with their
ubiquitous variability. However, it is possible that magnetic field confined entirely beneath the
surface can be responsible for the nonuniformity of their surface temperatures. A strong toroidal
field can exist under the surface, while only a weak external poloidal field contributes to spin-down.

Indeed, recent magneto-thermal simulations by Perna et al. (2013) and Viganó et al. (2013)
show that a strong toroidal field, which dominates over the poloidal component, can result in large
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With the collective archival data, we will exploit any small dependencies of the pulse profile on
energy not evident in previous work.

Fig. 13.— Concise summary of results from our previous ADAP (AO10). Plotted are the linear/quadratic
phase residuals from the phase-connected timing solution for each CCO pulsar, one of the main goals of that
proposal; it is based on a combination of multi-year observations using Chandra and XMM-Newton. The
combined result allow us to confirm the small B-field for the CCOs, and all that that implies. The results
of the second goal of the previous ADAP, fitting the antipodal model to PSR J0821�4300 in Puppis A is
presented in Section 5.

6. Management Plan

The proposed work is a natural progression of our timing and spectral study of CCOs. After
many years of e⌦ort we have finally obtained definitive spin-down measurements for all three known
CCO pulsars. The necessary timing observations have provided a wealth of tempo-spectral data in
the archive. We have also developed a spectral code to model the surface emission from NSs and
have successfully applied this model to the XMM-Newton discovery data on PSR J0821�4300. Our
plan is to continue this study and to further develop our codes to incorporate the latest theoretical
results on the magneto-thermal evolution of NSs to provide a strong physical basis for interpreting
the observed spectra and modulation of CCOs.

We are requesting a two-year term to undertake a comprehensive spectral study of CCOs. In
the first year we will focus on applying our model to the wealth of data on PSR J0821�4300 and to
developing a version of this code to incorporate the theoretic models of Perna et al. (2013) & Viganó
et al. (2013). In the second year we will spend a similar e⌦ort to modeling 1E 1207.4�5209 and PSR
J1852+0040. The fitting process will be require a concerted e⌦ort to devise and test acceptable
models that best characterize the observational data. Our goal is to test physical models for the
magnetic field configuration to fully exploit the available observational data in the archive.

This work requires a substantial e⌦ort, as our experience shows. This include the reduction
and analysis of these large data sets, coding and testing models to include a range of physics, and
applying the model to the data, in an iterative fashion. We will interpret the results in the context
of understanding the magnetic field of CCOs as a class and in comparison with the radio pulsars
and the magnetars. We note that the model fits are very slow to execute, as each XSPEC step
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The Mysteries of the CCO Pulsars (Anti-magnetars)

• Slow spin-down imply 200 Myr, incompatible with SNR age,

• High X-ray luminosity incompatible with spin-down power, 

• Similar spectrum to magnetars, but 104 times weaker B-fields,

• Weak B-field incompatible w/ highly modulated signal of Kes 79.

• Large absorption features in spectrum of 1E 1207.4-5209 ?

• Variable absorption features of Puppis A CCO ?

Hypothesis - buried magnetar-strength toroidal field generating hot spots. 
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The First Glitch in a Central Compact Object Pulsar: 1E 1207.4-5209 
Gotthelf & Halpern (2018)

New XMM / NICER timing program underway!

Exponential recovery 

XMM 20th Highlights: The CCO Pulsars

• Although magnitude typical of a pulsar,
• Old pulsars with ḟ this small never glitch, 
• And no large increase in ḟ, 
• No change in line features, no disruption 

in the dipole field due to or result of glitch.

Most unusual: 

Glitch from an otherwise extremely stable rotator, Δf/f <(2.8±0.4)x10-9

• CCOs theorized to have buried magnetar-strength fields that diffuse out in <1 Myr ,
• These result from prompt burial of B-field due to fallback of supernova ejecta,
• Glitch are triggered by diffusion of these strong fields,
• These strong internal toroidal field generate the hot spots. 

Hypothesis:



Magnetic Evolution for NSs ?
CCO -> Magnetar -> INS ?

XMM 20th Highlights: The CCO Pulsars

Pulsar Evolution =
Magnetic Field Evolution!!!




